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ABSTRACT

Increasing water pollution, scarcity, and seasonal events force water treatment
plants to improve existing treatment techniques and/or implement new methods to enhance
drinking water treatment and comply with disinfection by-product (DBP) regulations. A
limited number of studies examine the pre-chlorination prior to activated carbon (AC)
adsorption for the removal of DBP precursors, and there are no comprehensive and
representative treatment conditions in current literature. Although many studies
investigated photodegradation of individual DBPs by low pressure ultraviolet (UV254)
light, there is still lack of information and limited understanding of photodegradation of
total organic halogens and practical implications of UV254 under realistic water treatment
conditions. The main objective of this dissertation was to comprehend the mechanistic and
practical implications of (i) the effects of pre-chlorination on adsorption of DBP precursors,
and (ii) the photodegradation and the reformation of DBPs by UV254 in realistic
applications of these treatment approaches.
The research approach consisted of three phases. The first phase examined the
effects of AC characteristic, organic matter characteristic, and bromide concentration on
the pre-chlorination followed by AC adsorption, and the results are presented in Chapter
III. In the second phase, the effect of water chemistry and the best practical condition for
AC treatment with pre-chlorination were investigated via rapid small scale column test
(RSSCT) in Chapter IV. Finally, photodegradation kinetics and removal of total organic
chlorine (TOCl), total organic bromine (TOBr), and total organic iodine (TOI) by UV254,
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and the reformation of TOBr and TOI with secondary disinfectants was examined as
presented in Chapter V.
Pre-chlorination (i.e., dosing chlorine prior to granular activated carbon (GAC)
contactors) was recently introduced as a promising method to reduce the formation of
disinfection byproducts (DBPs). However, our understanding on the effect of natural
organic matter (NOM) and GAC characteristics on pre-chlorination efficiency is still
elusive. Thus, a systematic study was designed to investigate the effects of GAC
characteristics (i.e., surface area, pore size, and surface charge) on the subsequent reduction
of DBP formation using five well-characterized adsorbents with three different NOMs
under three initial Br- concentrations. The results revealed that the adsorption of
halogenated DBPs precursors mostly occurred in the mesoporous region (i.e., 2 nm < pore
size <50 nm) of the adsorbents. Subsequently, pre-chlorination before treatment with
HD3000 (i.e., GAC with the highest mesoporous surface area) decreased the formation of
DBPs by 58%. Furthermore, oxidation of GAC increased the surface acidity, and
negatively impacted the adsorption of halogenated DBP precursors. This finding showed
that basic GACs were more promising adsorbents with pre-chlorination. In addition,
experiments with different NOMs showed that pre-chlorination was effective with higher
aromatic NOM (i.e., high specific ultraviolet absorbance (SUVA254)). However, prechlorination of NOM with low SUVA254 decreased the adsorption of some DBP precursors
which resulted in increased formations of haloacetic acid (HAA) and total organic halogen
(TOX). Also, experiments with effluent organic matter (EfOM) showed that prechlorination did not increase the adsorption of DBP precursors in low SUVA254 wastewater
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effluents. Besides, increasing initial Br- concentration increased the formation of
brominated DBPs (Br-DBPs) and the adsorbed Br-DBP precursors. This study gave indepth understanding of the mechanisms, advantages, and limitations of pre-chlorination as
a potential method to control DBPs formation.
After understanding the effects of AC characteristic, organic matter characteristic,
and bromide concentration, on the pre-chlorination followed by AC adsorption, it was
critical to investigate the effects of water chemistry and practical AC treatment condition
with pre-chlorination. Rapid scale small column tests (RSSCT) were used to simulate pilot
and full-scale columns at water treatment plants. Two different SUVA254 waters were
selected to understand pre-chlorination application on both raw and treated water, which
gave insights and options to water treatment plants for their application. Moreover, empty
bed contact time (EBCT) is a significant factor for water treatment plants, so three different
EBCTs (5, 10, 15 min) were selected to cover a wide range of real-life applications. Since
water chemistry can change effectiveness of adsorption, three different water conditions
were selected (i.e., pH 7.5, pH 5.5, and pH 5.5+Ca2+) in order to understand the effect of
pH and ionic strength on pre-chlorination followed by AC adsorption technique. While
breakthrough profiles of trihalomethanes (THMs), and HAAs gave deep understanding of
adsorption of DBP precursors, TOCl, TOBr and cytotoxicity breakthrough profiles showed
a broader picture of pre-chlorination effect on the adsorption of DBP precursors. Lastly,
carbon usage rates were calculated to understand the practical significance of prechlorination for water treatment plants.

iii

Ultraviolet (UV) irradiation is a common disinfectant method for water treatment,
which can also reduce the formed disinfection byproducts (DBPs) during water treatment.
However, current literature on photodegradation of TOCl, TOBr, and TOI as well as
reformation of DBPs in distribution systems is still unclear and needs further investigation.
The photodegradation of 26 different DBPs and TOX with low pressure UV light -which
emits UV254- and the reformation of DBPs with chlorine and monochloramine were
investigated. Results indicated that photodegradation followed the order of TOI > TOBr >
TOCl, which indicated that both TOBr and TOI were easier to be removed compared to
TOCl via low pressure UV light. Moreover, treated surface water with low SUVA254
background did not impact the photodegradation of highly UV susceptible DBPs such as
triiodomethane (TIM), diiodobromomethane (DIBM), tribromomethane (TBM) etc. The
mass balance results of chlorine, bromine and iodine showed that the main
photodegradation mechanism of TOBr and TOI was dehalogenation which was proved by
monitoring the releases of halides (such as Cl-, Br- and I- ion). In addition, the
photodegradation effect was increased by increasing formation of brominated DBPs.
Although low pressure UV light effectively removed DBPs, secondary disinfectants (Cl2
and NH2Cl) reformed photodegraded DBPs, and the overall DBPs concentrations were
increased, which suggested that the released Br- and I- ions will reform photodegraded
DBPs in distribution systems. This study revealed photodegradation mechanism of 26
different DBPs and the effect of secondary disinfectants on the reformation of DBPs in
water distribution systems finished waters.
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CHAPTER ONE
PROSPECTUS

1.1.

Introduction and Motivation
Disinfection by-products (DBPs) are compounds that are formed after the reaction

of disinfectant(s) with DBP precursors. DBPs are associated with different adverse health
effects on humans (CDC, 2017; Weinberg et al., 2002) and 11 of them are regulated by
United States Environmental Protection Agency (USEPA). Natural organic matter (NOM),
chlorine (Cl-), bromine (Br-), and iodine (I-) are the main DBP precursors. The
concentration of Cl-, Br-, and I- is a critical factor that leads the formation of chlorinated
DBPs (Cl-DBPs), brominated DBPs (Br-DBPs), and iodinated DBPs (I-DBPs). Moreover,
these halides are not always forming only DBPs, which are the end product between
disinfectants and DBP precursors, but also can form halogenated organic compounds (i.e.,
halogenated DBP intermediates). Total organic halide (TOX) is a term that combines all
DBPs, and known and unknown halogenated DBP intermediates. TOX consists of three
main species which are total organic chlorine (TOCl), total organic bromine (TOBr), and
total organic iodine (TOI) (Chen et al., 2020). Although the formation of TOCl is generally
higher than TOBr and TOI, TOBr and TOI have become emerging concerns for human
health due to their higher cytotoxicity and genotoxicity than TOCl (Plewa et al., 2017;
Richardson et al., 2007).
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DBP formation can be reduced via (i) source control, (ii) type of disinfectant, and
(iii) removal of DBP precursors and formed DBPs. Treatment plants mostly use
chlorination as a disinfection method for drinking water. With chlorination, it is necessary
to implement a treatment technique to remove DBP precursors or switch to alternative
disinfectants (e.g., monochloramine) in order to control DBP formation and be compliant
with the current DBP regulations.
After conventional water treatment methods (e.g., coagulation, flocculation),
activated carbon (AC) is a common treatment technique to remove odor and taste
compounds, particular organic compounds, and NOM (Chen et al., 1997; Karanfil and
Kilduff, 1999; Matsui et al., 2015; USEPA, n.d.). However, replacing or regeneration of
AC can be costly, and also the presence of other contaminants can reduce the operational
lifetime of AC. For these reasons, it is important to have a solution for the enhancement of
the carbon usage and cost-efficiency for the treatment plant. Chlorine addition prior to AC
filters (pre-chlorination) is a method that can be used to improve the adsorption capacity
and lifetime of AC at water treatment plants. Pre-chlorination decreases high molecular
size NOM and also forms halogenated DBP intermediates. Recent studies showed
promising results of pre-chlorination; however, there are limited studies with different
observations (Cuthbertson et al., 2019; Erdem et al., 2020; Fischer et al., 2019; Jiang et al.,
2018, 2017). Therefore, further investigation of pre-chlorination method for the control of
the DBPs formation is needed.
Ultraviolet (UV) disinfection is a DBP free technique, as there is no chemical
addition during disinfection. However, it is often combined with secondary disinfection
2

which forms DBPs in the distribution systems. UV 254 nm energy can break bonds
between carbon and halogen atoms, which helps to reduce DBPs and TOX concentrations.
Studies showed that photodegradability of Br-DBPs and I-DBPs by UV is easier than ClDBPs (Fang et al., 2013; Wang et al., 2020c, 2020a; Ye et al., 2021). However, current
literature does not have data or outcomes for representative water treatment conditions and
photodegradation of TOX. Therefore, fundamental understanding and application of UV
technology is critical to significantly control and reduce the DBPs level and chemical use.
Researchers and water utility engineers can use these fundamental findings in developing
effective strategies for the applications of UV 254 for DBPs control in the distribution
system.
1.2.

Research Objectives
The main objective of this study was to investigate TOBr control via i) pre-

chlorination combined with GAC adsorption and ii) photodegradation with UV 254. To
fulfill the main objectives, this study was divided into three phases.
Phase 1
The objective of the Phase 1 was to examine the factors that can affect the prechlorination followed by granular activate carbon (GAC) adsorption. Chlorine addition
prior to GAC contactors has been shown to decrease the formation of DBPs in a limited
number of studies. The overall effectiveness of this technology will depend on the
characteristics of GACs and NOM types (e.g., hydrophobic, hydrophilic etc.) as well as
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operational conditions (e.g., pH, contact time etc.). In the first phase of the study, the
specific objectives were to answer three key questions:
 What are the main characteristics of GAC that affect the removal of DBPs’
precursors after pre-chlorination?
 Is pre-chlorination effective for different types of organic matter?
 What is the effect of Br- concentration on the pre-chlorination efficiency?
Phase 2
The objective of Phase 2 was to investigate the best practical GAC treatment
condition with pre-chlorination. The adsorption of TOCl, TOBr, and DBPs’ precursors are
not only dependent on the GAC type but also the water chemistry. pH, hardness, and ionic
strength are the key water quality parameters that also influence the removal of organics
by GAC. In this phase the adsorption of TOCl, TOBr, and DBPs’ precursors were
examined under selected water chemistries and NOMs. Rapid scale small column tests
(RSSCT) were used in this phase. RSSCT was used to simulate pilot and full-scale columns
at water treatment plants. In order to better understand the practical significance of bench
scale tests on water treatment plants, all RSSCT experiments were run at three different
empty bed contact times (EBCT). In this phase formation of DBPs, TOCl, and TOBr will
be measured. The following three key questions were answered in this phase:
 What are the water chemistry conditions that can affect the adsorption of TOCl,
and TOBr’ precursors after pre-chlorination?
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 What is the effect of EBCT on the adsorption of TOCl, and TOBr precursors after
pre-chlorination on RSSCT?
 What is the practical significance of pre-chlorination for different conditions on
RSSCT?
Phase 3
The objective of Phase 3 was to study photodegradation of TOBr and TOI via low
pressure UV, and reformation of TOBr and TOI with secondary disinfectants. UV
irradiation can transform the TOX and halogenated DBPs’ precursors into non-halogenated
compounds. In this phase the effect of UV dose on the photodegradation of TOX was
studied with low pressure UV lamp. Studies with known DBPs showed that UV irradiation
can break bonds between halogen and carbon atom; however, there was no study about
photodegradation of overall (known and unknown) TOCl, TOBr and TOI. In this phase
selected NOM solutions were used as a background and photodegradation kinetics of ClDBPs, Br-DBPs, and I-DBPs were measured. Moreover, selected UV doses were examined
and photodegradation of DBPs and TOX were measured. Objectives of this phase aimed
to answer five key questions:
 What is the photodegradation kinetics of Cl-DBPs, Br-DBPs, and I-DBPs?
 What is the effect of UV doses on the photodegradation of DBPs and TOX?
 Does different organic matter background affect the photodegradation efficiency?

5

 What is the effect of Br- concentration, pH, and DOC concentration on
photodegradation of TOBr?
 Can post chlorination and monochloramination reform photodegraded DBPs?
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CHAPTER TWO
LITERATURE REVIEW

2.1.

Formation of DBPs
Water disinfection provides water sterilization for the public water supplies. While

the disinfectants inactivates pathogenic organisms in water treatment plants, it also causes
a formation of DBPs which was discovered by J.J. Rook in 1974 (Rook, 1974). Pathogenic
organisms can cause waterborne diseases (e.g., cholera and typhoid etc.) on humans.
According to Centers for Disease Control and Prevention (CDC), waterborne diseases not
only affect more than 7 million people in U.S., but also have over $3 billion socio-economic
cost to U.S. for each year (CDC, 2020). Different types of disinfectants, such as chlorine,
chloramine, ozone, chlorine dioxide, UV irradiation, are available to sterilize potable
water. The selection of disinfectant type and the dose depends on water quality parameters
(e.g. pH, temperature etc.), regulatory requirements, and the aesthetic water quality goals
(Joyce and Hall, 2011).
The presence of Br-, I- and organic matter (e.g., natural, algal, and effluent), which
are known as DBPs precursors, in water results in the formation of DBPs after the reaction
between the disinfectant (e.g., chlorine, monochloramine) and DBP precursors. Chlorine
is one of the most commonly used disinfectant during water treatment since it can be
applied easily and very effective to deactivate of pathogenic microorganisms. Also, the
easy control of chlorine in water, its measurements, and residual chlorine in distribution
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system to protect water from recontamination makes chlorination widely used disinfection
method. Chlorine can be found as liquid (sodium hypochlorite, NaOCl) and gaseous
chlorine (Cl2 (g)). Typically drinking water treatment plants adds chlorine into water as a
gas form; however, due to the security concerns some use liquid form. When Cl2 (g) was
added into water, it hydrolyzes into hypochlorous acid (weak acid), hydrogen and chloride
(Eq. 2.1). Then, hypochlorous acid (HOCl) dissociates into hydrogen (H+) and hypochlorite
(OCl-) ion (Eq. 2.2) which is the reactive form of chlorine as shown below.
Cl2 (g) + H2O  HOCl + H+ + Cl-

(2.1)

HOCl (aq)  H+ + OCl-

(2.2)

NOM is a complex matrix of organic compounds which can be characterized by
different techniques (Matilainen et al., 2011). NOM in water originates from either natural
sources (e.g., animals, plants, aquatic environments etc.) or anthropogenic sources (e.g.,
wastewater treatment and stormwater discharges, agricultural runoff, and industrial
discharges etc.) (Reckhow, 2009). Moreover, the properties of NOM depend on both where
it originates, and environmental conditions such as temperature, floods etc. (Matilainen et
al., 2011). The major portion of NOM consists of hydrophobic and hydrophilic fractions.
These fractions can be separated by using a neutral methylmethacrylate resin (XAD-8)
(Kitis et al., 2002). While hydrophobic fractions are absorbed by resin, hydrophilic
fractions are not. Humic and fulvic acids are often used as a model compound to represents
hydrophobic and hydrophilic fractions of NOM. Humic acids have larger molecular size
and more hydrophobic nature compared to fulvic acids (Karanfil et al., 1999; Kitis et al.,
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2002). When NOM reacts with HOCl or HOBr, both hydrophobic and hydrophilic fractions
can contribute to the formation of DBPs (Kitis et al., 2002).
The reaction between chlorine and organic compounds specifically called a
“haloform reaction” is followed by chain cleavage (Fuson and Bull, 1934; Glaze, 1982;
Rook, 1977). Rook (1977) used a model fulvic acid to explain the chlorination reaction.
Model compounds (e.g., resorcinol, hesperetin, rutin etc.) have been used to explain the
reaction mechanism with HOCl. First, the haloform reaction occurs at the most readily
reacting site (which is between carbon and 2 meta OH groups) among the tested model
compounds. Then a carbanion (negatively charged carbon atom) intermediate forms before
any halogen is attached to the molecule. Subsequently, the molecule is halogenated by
chlorine, bromine or iodine, and ring cleavage occurs to form trihalomethane (THM)
(Rook, 1977). In another study, dihydroxyaromatic model compounds for humic acid has
been used (Boyce and Hornlg, 1983). It has been found that THM formation from 1,3dihydroxybenzenes occurs by electrophilic substation to form cyclohexenedione
intermediates followed by hydrolysis which opens the ring structure and forms an aliphatic
compound. Then a series of carbon dioxide removal reactions (decarboxylation) as well as
halogenation reactions occur. During the halogenation reaction HOCl attacks at the π-π
bond of carbon atoms and chlorinates (the reaction mechanism is similar with HOBr which
has faster reaction kinetics than HOCl). Finally, a series of hydrolysis and decarboxylation
reactions occurs until a final product of THM forms (i.e., chloroform). (Boyce and Hornlg,
1983). A critical review paper summarized the reaction kinetics and mechanisms of
chlorine with organic compounds, and similar to previous studies, oxidation, addition and
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electrophilic substitution were the major reaction mechanisms between chlorine and
organic compounds (Deborde and von Gunten, 2008). It has been also reported that the
electrophilic attacks have faster reaction kinetics than the oxidation reactions (Deborde and
von Gunten, 2008). Moreover, another study showed the formation mechanisms of THM
and haloacetic acid (HAA) with 19 structurally diverse (i.e., chain length, functional groups
etc.) model compounds for aliphatic acids. The structure of model compound plays an
important role in the formation of DBPs and reaction kinetics. While some model
compounds form higher concentration of THM and/or dihalogenated HAAs (3-oxopentanedioic, 3-oxobutanedioic acids) others contribute the formation of both THM and
trihalogenated HAAs (Dickenson et al., 2008). Many studies also found similar reaction
mechanisms between chlorine and different organic compounds (Adin et al., 1991; Arnold
et al., 2008; Bond et al., 2012; Glaze, 1982; Hua et al., 2015, 2014; Liu and Reckhow,
2013; Morris, 1975).
2.2.

Formation of TOBr
TOX is a surrogate parameter of total organic halogenated DBPs which contain

currently known and unknown DBPs. The known portion of DBPs such as THMs,
haloacetonitriles (HANs), HAAs, chloral hydrate, haloketones represents 20 – 50 % of the
TOX (Quan, 2009; Richardson and Postigo, 2012). TOX can be divided into three halogen
groups which are TOCl, TOBr and TOI. Although more than 600 DBPs have been
identified from different disinfectant applications, and more than 250 detected in drinking
water samples with complete chemical structure characterization (Richardson and Postigo,
2012; Woo et al., 2002), currently only 11 DBPs (6 of them brominated) are regulated by
10

USEPA. The maximum contaminant level (MCL) set by USEPA for THM4
[trichloromethane (TCM), dichlorobromomethane (DCBM), dibromochloromethane
(DBCM), tribromomethane (TBM)] is 80 μg/L, for HAA5 [monochloroacetic acid
(MCAA), monobromoacetic acid (MBAA), dichloroacetic acid (DCAA), dibromoacetic
acid (DBAA), trichloroacetic acid (TCAA)] is 60 μg/L, for bromate (BrO3-) is 10 μg/L, and
for chlorite (ClO2-) is 1000 μg/L. Table 2.1 shows the currently identified regulated and
unregulated Br-DBPs (Richardson and Postigo, 2012; Woo et al., 2002). The formation of
Br-DBPs are a health concern because Br-DBPs are much more toxic than their chlorinated
analogs (Plewa et al., 2017; Richardson et al., 2007; Yang et al., 2014). Figure 2.1 shows
the comparison of average cytotoxicity and genotoxicity index values for Cl-DBPs, BrDBPs and I-DBPs (Yang et al., 2014).
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Table 2.1 Regulated and Unregulated Br-DBPs
Regulated Br-DBPs

Unregulated Br-DBPs

Dichlorobromomethane

Dibromoiodomethane

Dibromochloromethane

Diodobromomethane

Bromoform

Bromochloroiodomethane

Bromate

Dichlorobromoaceticacid

Bromoaceticacid

Dibromochloroaceticacid

Dibromoaceticacid

Tribromoaceticacid
Bromoacetonitrile
Bromochloroacetonitrile
Dibromoacetonitrile
Tribromoacetonitrile
Bromoamines
2-Bromobenzothiazole
2,6-dibromo-1,4-benzoquinone
2-Bromobutane
Bromochloroamine
Bromochloromethyl acetate
1,1-Bromochloropropanone
1-Bromo-1,1dichloropropanone
1,1-Dibromopropanone
1,1,1-tribromopropanone
1,1,3-tribromopropanone
1,1,3,3-tetrabromopropanone
3-Bromo-4-(dibromomethyl)-5-hydroxy2(5H)-furanone compounds (BMX-3)
Bromodichloroacetaldehyde
Bromodichloronitromethane
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Regulated Br-DBPs

Unregulated Br-DBPs
Diromonitromethane
Bromopicrin
3-Bromopropyl-chloromethyl ether
3-Chloro-4-(bromochloro-methyl)-5-hydroxy2(5H)- compounds furanone (BMX-1)
Chlorodibromoacetaldehyde
3-Chloro-4-(dibromo-methyl)-5-hydroxy2(5H)- compounds furanone (BMX-2)
Dibromoamine
2,3-Dichloro-3-bromopropane-nitrile
Nitrodibromomethane
Tribromoacetaldehyde
1,1,1-Tribromo-2-bromo-2-chloroethane
3,3-dibromopropenoic acid
(Z)-3-bromo-3-iodopropenoic acid
(E)-3-bromo-3-iodopropenoic acid
(E)-3-bromo-2-iodopropenoic acid.
bromoiodoacetamide
3,3-dibromo-4-oxopentanoic acid
3-bromo-3-chloro-4-oxopentanoic acid
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Figure 2.1 Relative toxic potencies of chloro-, bromo-, and iodo-DBPs (Yang et al., 2014)
In the presence of bromide, HOCl oxidizes bromide and forms HOBr
(hypobromous acid). Then HOBr dissociates to hydrogen and hypobromite ion which is
the reactive form of bromide in the water disinfection process (Kumar and Margerum,
1987; Sivey et al., 2013). Figure 2.2 shows other reactive bromination agents; however,
these agents’ concentrations are very low in typical drinking water chlorination conditions.
HOCl + Br-  HOBr + Cl-

(2.3)

HOBr (aq)  H+ + OBr-

(2.4)
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Figure 2.2 Aqueous bromine equilibrium speciation at 20 °C (Sivey et al., 2013)
The formation of TOBr depends on HOBr dose, organic precursor concentration,
reaction time, pH, and temperature. These factors change the formation of known and
unknown TOBr concentration (Quan, 2009). Ersan et al. (2019) studied chlorination of six
raw and treated surface waters under various initial Br- concentrations and increasing Brconcentration from 0.5 to 10 μM and found increased formation of known and unknown
TOBr by up to 41 and 20%, respectively. Furthermore, formation of TOBr was higher with
organic matter that had a high specific ultraviolet absorbance at 254 nm (SUVA254) (high
aromatic characteristic) than low SUVA254 waters. According to Hua and Reckhow (2007),
chlorination forms higher concentration of TOBr (250 μg Cl/L) than the other tested
disinfectants (O3, O3/Cl2, NH2Cl, O3/NH2Cl, ClO2) with 95 μg/L initial Br- concentration.
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Moreover, the formation of TOBr was higher than TOCl with O3/Cl2, which means that
more Br-DBPs formed than Cl-DBPs. Kim et al. (2020) studied the occurrence of TOBr at
11 different US drinking water treatment plants. The occurrence of TOBr concentration
reached 116 μg/ L at one of the water treatment plants. Moreover, the ratio between
regulated Br-DBPs to TOBr was as low as 15% in some treatment plants which means that
unregulated TOBr was the larger portion of total TOBr. Furthermore, the formation of
TOBr was investigated in five different waters (groundwater, lake water, treated surface
water, effluent organic matter impacted water, and algal organic matter impacted water),
and the formation of TOBr was tested under high Br- concentrations (1 mg/L) (Ateia et al.,
2019). The total formation of TOX reached 450 μg/L on treated surface and algal impacted
water. Except for the tested groundwater, more than 75% of the total TOX was comprised
of TOBr, because of high Br- concentrations (Ateia et al., 2019). Figure 2.3 shows TOBr
control strategies which can be group into three. TOBr formation can be controlled by
changing source water which contains less DBP precursors or DBP precursors can be
removed with different techniques at water treatment plants or formed DBPs can be
removed at distribution systems by different methods (Figure 2.3).
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Figure 2.3 TOBr control strategies
2.3.

Adsorption of TOBr by Activated Carbon
Since the 20th century AC adsorption have been used at water treatment plants as a

treatment method for different contaminants (Committee, 1980). Because of the high
surface area, high porosity structure and high surface reactivity, AC is a promising
adsorbent technique (Moosavi et al., 2020). The physical and chemical characteristics of
AC and the target contaminants determine the adsorption mechanism(s).
Surface area, pore volume distribution, surface charge and surface functional
groups of AC affect the adsorption of contaminants (Karanfil et al., 1999; Karanfil and
Kilduff, 1999; Newcombe et al., 1997; Newcombe and Drikas, 1997; Velten et al., 2011).
For example, if the molecular size of organic compound is bigger than the pore size of AC,
internal surface area of AC will not be accessible for adsorption due to size exclusion
effects. There are two major types of surface functional groups on AC which are acidic or
basic functional groups. Acidic functional groups are known also as oxygen containing
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surface complexes such as carboxyls, and lactones (Boehm, 1994; Karanfil and Kilduff,
1999; Lopez-Ramon et al., 1999; Rodríguez-Reinoso and Molina-Sabio, 1998). On the
other hand, basic functionalities come from pyrones, chromenes, ethers and carbonyls
groups (Boehm, 1994; Lopez-Ramon et al., 1999). Acidic and basic functionalities change
the surface charge of AC which affects the interaction with organic compounds. The
adsorption of organic compounds does not only depend on AC characteristics, but also the
organic compound characteristics which are molecular size, hydrophobicity, charge
distribution and electron accepting/donating groups which have an impact on adsorption
efficiency.
When DBP precursors react with HOBr, they are not completely mineralized and/or
form commonly known DBP compounds, such as bromodichloromethane and
tribromomethane, since complete mineralization requires a long time as well as high
oxidant dose. Some of the precursors react with HOBr and halogenated and form DBP
intermediate compounds such as bromophenol. Halogenation of DBP precursors changes
the absorbability of the organic compound. In order to compare the halogenation effect on
the adsorption, series of chlorinated and brominated model compounds are listed at Table
2.2.
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Table 2.2 Model Compounds (“PubChem,” n.d.)
Model Compound

pKa at 25 oC

LogKow

Phenol

9.99

1.46

2-chlorophenol

8.56

2.15

2,4-dichlorophenol

7.89

3.06

2,4,6-trichlorophenol

6.23

3.69

2,3,4,6-tetrachlorophenol

5.52

4.45

Pentachlorophenol

4.70

5.12

2-bromophenol

8.45

2.35

2,4-dibromophenol

7.79

3.22

2,4,6-tribromophenol

6.80

4.13

2,3,4,6-Tetrabromophenol

5.40

5.07

Pentabromophenol

4.62

5.96

4-bromo-2-chlorophenol

7.92

-

Benzene

-

2.13

Chlorobenzene

-

2.84

1,4-dichlorobenzene

-

3.44

1,2,4-trichlorobenzene

-

4.02

1,2,4,5-tetrachlorobenzene

-

4.60

Pentachlorobenzene

-

5.18
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Model Compound

pKa at 25 oC

LogKow

Hexachlorobenzene

-

5.73

Bromobenzene

-

2.99

trans-1,2-dichloroethylene

-

2.09

Trichloroethylene

-

2.61

Tetrachloroethylene

-

3.40

Chloroethane

-

1.43

1,2-dichloroethane

-

1.48

1,1,2,2-tetrachloroethane

-

2.39

Pentachloroethane

-

3.22

Bromoethane

-

1.61

1,2-dibromoethane

-

1.96

For example, consider phenol as a model compound, and when one to three bromine
molecules attached to it, the logKow constant increases from 1.46 to 2.35 and 4.13,
respectively, which means that phenol molecule becomes more non-polar and tends to stay
less in a polar (water) phase which is also true for chlorinated phenol molecules as is shown
in Table 2.2. Various studies showed that major adsorption interactions between
contaminants and AC surfaces include hydrogen bonding, polar interaction, π-π
interactions and London dispersion forces (Chen et al., 2007; Karanfil et al., 1999; Karanfil
and Kilduff, 1999; Kasozi et al., 2010; Li et al., 2002; Pan et al., 2017; Velten et al., 2011;
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Yang and Xing, 2009). These interactions will depend on both surface chemistry of ACs
and characteristics of the contaminants. For instance, bromobenzene can form stronger ππ interactions than 2-bromophenol because of the smaller logKow constant of 2bromophenol due to the OH group (Table 2.2). Another example is that the interaction
mechanism with 2,4,6-trichlorophenol with non-functionalized AC or graphene is mostly
via π-π interactions. However, oxygen containing functional groups on the surface of the
GAC form a hydrogen bonds with the hydroxyl groups (Pei et al., 2013). To make a
hydrogen bond, the adsorbate and adsorbent needs to accept and donate hydrogen atom
which means the AC functionality plays a key role.
Furthermore, phenol and benzene halogenation showed that LogKow constant is
higher with brominated molecules than the chlorinated ones, and as the number of halogens
increases the LogKow increases, and the interactions or affinity towards AC becomes
stronger. According to Lillo-Ródenas et al. (2005), bromobenzene is less hydrophilic than
chlorobenzene, and its affinity to hydrophobic surface is higher than chlorobenzene which
means that the interaction between π electron rich area of the AC and the aromatic ring of
bromobenzene is much stronger than chlorobenzene. Moreover, this trend is not only for
aromatic compounds but also holds for aliphatic. Zhou et al. (2015) studied ten different
halogenated aliphatic contaminants (i.e., TCE, PCE and 11DCE etc.) adsorption onto
graphene nanosheets, graphene oxide, carbon nanotubes and GAC. Among all tested
contaminants, hydrophobicity was the dominant adsorption mechanism, so adsorption
increased with increasing the hydrophobicity of aliphatic compounds.
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Adsorbent and adsorbate interactions will also depend on the background water
chemistry conditions such as pH, presence of background organic matter, and ionic
strength. For example, phenol has a pKa value of 10, and when the pH of the water exceeds
the pKa value, it forms phenoxide ion. Since phenoxide ion has a negative charge, it will
not interact with the acidic functional groups (which are also negatively charged) instead
it will interact with basic functional groups of GAC surface (which are positively charged).
The change of pH is not only affecting the adsorbate, but also the GAC surface, as the pH
of the solution decreases, the functional groups on GAC will be protonated. This will
decrease repulsive forces between NOM and GAC, and increase adsorption efficiency
(Zhang et al., 2010). NOM can block the adsorption sites on the AC and reduce the
adsorption efficiency of halogenated organic compounds. Moreover, different studies
showed that as the micro porosity of AC increases the effect of NOM on the adsorption
becomes more severe since internal surface area is not accessible to big NOM molecules
(Apul et al., 2013; Matsui et al., 2003; Zhou et al., 2015). According to Zhang et al. (2010),
ionic strength can slightly increase the adsorption by a salting-out effect. Moreover,
increasing ionic strength will decrease the size of NOM molecules which will increase the
accessibility of NOM molecules to micropores of GAC (Karanfil et al., 1999; Kilduff and
Weber, 1992).
Recent studies showed that pre-chlorination can be an effective way to improve
GAC performance (Erdem et al., 2020; Fischer et al., 2019; Jiang et al., 2018, 2017;
Verdugo et al., 2020). Jiang et al. (2017) studied the pre-chlorination effect on high
SUVA254 NOM. It has been suggested that the higher removals of aromatic halogenated

22

DBPs with pre-chlorination slows breakthrough of GAC column because without prechlorination GAC columns were saturated by large NOM molecules relatively quickly. In
the following study, Jiang et al. (2018) tested the pre-chlorination effect on GAC removal
performance with very high Br- level (1 and 2 mg/L), and different pre-chlorination time.
In their 2018 study, one humic acid and a different GAC column was used compared to
previous study. More than 95% of the TOX was TOBr at 2 mg/L Br- concentration, and
the removal of TOX was 32% higher with pre-chlorination than the without prechlorination; however, no subsequent chlorination was added for their pre-chlorinated
samples after GAC adsorption. Also, the pre-chlorination time increases the formation of
TOX, but since no subsequent chlorination was added to pre-chlorinated sample, the final
TOX concentration remained same. Fischer et al. (2019) used one low SUVA surface water
under two different pre-chlorination conditions (1 and 2 mg/L), and with pilot scale GAC
columns. They found that GAC effectively removed preformed THMs but not HAA5.
Furthermore, Verdugo et al. (2020) compared pre-chlorination followed by GAC column
and pre-ozonation followed by GAC column with tertiary-filtered municipal wastewater.
Pre-chlorination followed by GAC column had the least calculated cytotoxicity and
genotoxicity compared to pre-ozonation and no-oxidation effluents. Lastly, Erdem et al.
(2020) investigated the pre-chlorination effect under various experimental conditions,
different GACs and activated carbon fibers. They found that halogenated DBP
intermediates adsorbed mostly at the mesoporous region of the adsorbent. Moreover, prechlorination was effective for NOM with high SUVA254, but not for low SUVA254 NOM,
and pre-chlorination increased the adsorption of brominated DBP precursors.
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2.4.

Photodegradation of TOBr by Ultraviolet Light
The UV spectrum lies between 100 to 400 nm in the electromagnetic spectrum, and

is divided into four sections which are vacuum UV (100 to 200 nm), UV-C (200 to 280
nm), UV-B (280 to 315 nm), and UV-A (315 to 400 nm) (Blaustein and Searle, 2013;
Szopinski, 2014). The most effective wavelength range is between 200 to 315 nm for the
inactivation of pathogens (Pirnie et al., 2006). The most commonly used UV lamp types
are low pressure (LP) and medium pressure (MP) UV lamps. LP UV emits light at only
one wavelength (254 nm), and MP UV lamps emit light at several wavelengths (Pirnie et
al., 2006). Water treatment plants implement UV disinfection based on their source water
quality and effluent requirements. Although UV has an advantage over chlorine resistant
waterborne pathogens such as Cryptosporidium and Giardia (Adeyemo et al., 2019; Clancy
et al., 2000), it cannot provide residual disinfectant. UV disinfection is often combined
with another disinfectant to provide residual disinfectant in the distribution system to
eliminate recontamination. According to USEPA, water treatment plants should apply at
least 40 mJ/cm2 UV dose; however, adenovirus requires 186 mJ/cm2 to achieve 4-log
inactivation (Pirnie et al., 2006). Based on this information water treatment plants might
apply higher UV doses based on target contaminants.
UV 254 nm irradiation energy (472 kJ/mol) breaks the bond between carbonbromide and carbon-chloride (280 and 397 kJ/mol, respectively) (Jones and Carpenter,
2005; Xiao et al., 2014). The energy requirement is less for C-Br bond than the C-Cl bond
which supports that UV 254 nm irradiation more effectively reduces the TOBr
concentration. Previous studies showed that Br-DBPs are easier to remove than Cl-DBPs
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by UV 254. For example, Hansen et al. (2013) studied photodegradation of 12 different
DBPs by MP UV lamps in swimming pool water. For example, 1.34 kWh/m3*d UV dose
removed 100, 94, 63, and 25% of TBM, DBCM, DCBM, and TCM, respectively. The same
UV dose removed 94, 84, 73, and 29% of dibromoacetonitrile, trichloroacetonitrile,
bromochloroacetonitrile, and dichloroacetonitrile, respectively. According to Jo et al.
(2011), a dose of 250 mJ/cm2 UV removed 50% of tribromomethane and 90% of
tribromoacetic acid with initial concentrations of 82 and 161 μg/L, respectively. However,
the same UV dose removed only 20% of dibromochloromethane, and 30% of
dibromoacetic acid with initial concentrations of 76 and 190 μg/L, respectively. These
results suggest that as the bromination degree of a molecule increases, the
photodegradation efficiency also increases. Moreover, Kiattisaksiri et al. (2016) studied
photodegradation of four different haloacetonitriles, and found that dibromoacetonitrile
was removed at 50% by applying 440 mJ/cm2; however, dichloroacetonitrile removal was
less than 5% with the same UV dose. According to Fang et al. (2013), complete
mineralization of halonitromethanes can be achieved by LP UV photolysis with 153 W/L
of UV irradiance. The degradation of tri- and di-halogenated nitromethanes was faster than
mono-halogenated nitromethanes. Moreover, it has been found that pH can change the
photodegradation efficiency. For example, as the pH was increased from 3 to 6 and 9,
higher halide recoveries were observed which was mainly because the pH neared the pKa
values of halogenated nitromethanes (Fang et al., 2013). Some studies also showed the
photodegradation effect of UV irradiation on iodinated compounds. The mixture of 100
μg/L of six iodinated, three brominated and one chlorinated THMs was studied by Xiao et
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al. (2014). Applying a UV dose of 540 mJ/cm2 removed 64% of tri-iodomethane and 41%
of tribromomethane (Xiao et al., 2014). Wang et al. (2020b) reviewed 19 different
photo(cata)lysis application in water pollutant control from chemistry perspectives and
found the main limitations of the current literature is lack of real samples usages and
comparisons of experimental results under the same experimental conditions. Furthermore,
Lei et al. (2021) reviewed 14 different UV advanced oxidation processes and found that
photodegradation mechanism of different DBPs was not the same. For example, while
stepwise dehalogenation was the main removal mechanism for most of the halogenated
DBPs, N-nitrosamines reacted via homolytic or heterolytic cleavage of N−NO bonds.
Interestingly, Nishizawa et al. (2020) reported that UV treatment on pre-chlorinated waters
did not change total THM and HAA concentrations, but increased total HANs, and total
aldehyde concentrations. Furthermore, THM, HAA, HAN, and aldehyde formation
increased after post-chlorination.
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CHAPTER THREE
ACTIVATED CARBON AND ORGANIC MATTER CHARACTERISTICS
IMPACT THE ADSORPTION OF DBP PRECURSORS WHEN CHLORINE IS
ADDED PRIOR TO GAC CONTACTORS

3.1.

Introduction
Chlorine disinfection is commonly applied during water treatment to inactivate

pathogenic microorganisms; however, it can also lead to the formation of unintended
disinfection by-products (DBPs) due to the reactions between chlorine and natural organic
matter (NOM). Besides, the presence of bromide (Br-) - which is not toxic itself - results
in the formation of brominated DBPs (Br-DBPs) that are more toxic than their chlorinated
analogs (Plewa et al., 2017; Richardson et al., 2007). Therefore, the elimination of DBPs
precursors (e.g., coagulation, ion exchange, and adsorption) is critical to minimize DBP
formation.
United States Environmental Protection Agency (USEPA) considers granular
activated carbon (GAC) adsorption among the best available technologies to remove
synthetic organic compounds, taste and odor causing compounds, and NOM in water and
wastewater treatment plants (Chen et al., 1997; Karanfil et al., 1999; Matsui et al., 2015).
However, two major drawbacks were reported for GAC applications which are the fouling
of GAC pores by NOM fractions with high molecular weight (i.e. > 10kDa) (Ding et al.,
2008; Newcombe et al., 1997; Velten et al., 2011), and GAC is not effective in removing
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Br-, which elevates the formation of total organic bromide (TOBr) and Br-DBPs due to the
increased ratio of Br- to dissolved organic carbon (DOC) (Chen et al., 2017; Krasner et al.,
2016; Watson et al., 2016). Pre-chlorination may help to reduce the effects of both of these
drawbacks.
Recent studies have suggested that adding chlorine prior to GAC contactors may
reduce subsequent DBP formation. Jiang et al. (2017) reported on the effect of prechlorination of a solution containing Suwannee River (SR) NOM and 2 mg/L Br- on the
formation of trihalomethane (THM), haloacetic acids (HAA) and total organic halides
(TOX) with rapid small-scale column tests (RSSCTs). Their results showed an increased
bed volume of water treated before the breakthrough of THM and HAA and decreased
formation of Br-DBPs and TOX. Then, they examined the effects of initial bromide
concentration (0, 1 and 2 mg/L) and chlorine contact time (0.5 and 2 hour) on the
effectiveness of pre-chlorination and reported that pre-chlorination could double the TOX
removal under 1 and 2 mg/L initial Br- concentration with both 0.5 and 2 hour prechlorination compared to non-pre-chlorinated samples (Jiang et al., 2018). However, the
study by Fischer et al. (2019) has showed a decreased formation of THMs, while HAAs
formation was not affected by the applying pre-chlorination. Verdugo et al. (2020) studied
separately the impact of both pre-chlorination and pre-ozonation on GAC adsorption (pilot
scale) with one wastewater under formation potential (FP) test conditions (high
concentration of free chlorine after 7 day reaction time). It has been found that preozonation followed by GAC adsorption requires an additional strategy for bromate
removal, and pre-chlorination followed by GAC adsorption can yield an effluent with the
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lowest calculated toxicity compared to pre-ozonation followed by GAC adsorption and
only GAC adsorption. The different observations in the current literature with the limited
number of studies may be attributed to variations in the tested GACs, NOM sources, and
experimental conditions.
Herein, this systematic study was needed to answer three research questions: 1)
What are the main characteristics of GAC that affect the removal of DBPs’ precursors after
pre-chlorination? 2) Is pre-chlorination effective for different types of organic matter? and
3) What is the effect of Br- concentration on the pre-chlorination efficiency? Such
limitations in the literature were addressed and targeted elucidating the adsorption
mechanisms of halogenated organic matter by GACs by comparing the adsorption results
to those of activated carbon fibers (ACFs), which have well-defined pore-sizes and surface
areas.
3.2.

Materials and methods

3.2.1. Chemicals and reagents
Reagent grade chemicals and standards were used in all experiments. EPA 501/601
Trihalomethanes Calibration Mix (Supelco) with a concentration of 2000 µg/L was used
for four species of THM calibrations. EPA 551B Halogenated Volatiles Mix (Supelco)
with a concentration of 2000 µg/L and 1000 µg/L EPA-1205-1 Chloroacetonitrile Standard
and Bromoacetonitrile, 97% (Acros Organics) were used for six species of HAN
calibrations. HCM551B1 Disinfection Byproducts Mixture (Ultra Scientific) with a
concentration of 5000 µg/L was used for nine species of HAA calibrations. GR ACS
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sodium chloride crystals (Millipore) and ultra resi-analyzed ACS Reagent sodium sulfate,
anhydrous granular (J.T. Baker) salts were used for the salting out process for THM, HAN
and HAA extractions. ACS L-ascorbic acid, free acid (VWR) was used to quench residual
free chlorine in samples. Sodium hypochlorite (5%) solution (J.T. Baker) was used to
chlorinate samples. Two different granular activated carbon, Calgon F400 (coal based) and
Norit HD3000 (lignite based), nitric acid activated HD3000 (HD3000A) and two different
American Kynol, Inc. activated carbon fibers (ACF10 and ACF20L) were used. The
detection limits for each measured parameter are given in Table A1.
3.2.2. Tested NOM and experimental conditions
Three different NOM isolates and two different EfOM were used in Phase 1 to see
the effect of organic matter aromaticity on its adsorption with and without pre-chlorination.
Suwannee River NOM (SR) was purchased from the International Humic Substances
Society, while two other NOM isolates were previously extracted from the raw and treated
water (RW and TW, respectively) of a water treatment plant in South Carolina, USA. The
detailed procedures for the extraction of these isolates have been reported elsewhere (Song
et al., 2009). Two EfOM samples were collected from different wastewater treatment plants
in South Carolina (WW1 and WW2), bringing the total water samples considered to five.
SR and RW samples had high SUVA254 values of 4.3 and 4.0 L/mg·m, respectively (i.e. an
indication of NOM with higher aromatic character), while TW, WW1 and WW2 had lower
SUVA254 values of 2.6, 1.3 and 2.1 L/mg·m, respectively, which suggest a more
hydrophilic nature (Karanfil et al., 2002). Previous studies have reported positive
correlations between SUVA254 and NOM molecular size (Ateia et al., 2017; Hua et al.,
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2015) suggesting that both SR and RW are likely to have a higher molecular size relative
to TW. A summary of characteristics of NOMs and EfOM solutions is presented in Table
3.1.
The DOC concentrations of NOM and EfOM solutions were adjusted to 2 mg/L to
compare the behavior of organic matter with different SUVA254 values at the same organic
carbon levels during the experiments. To prepare working solutions, each NOM isolate
was dissolved in Milli-Q water (18 MΩ.cm, Millipore) and EfOM solutions filtered with
pre-washed 0.45 µm hydrophilic polyethersulfone membrane filters. The pH of NOM and
EfOM solutions was adjusted to 7.5 with 10 mM phosphate buffer. Experiments were
conducted at three different Br- concentrations (in the absence of bromide, 200 and 800
µg/L) by spiking bromide in NOM solutions. Br- concentrations have been reported
between 10 to 3000 µg/L in surface waters due to industrial activities, sea intrusions and
wastewater discharges (Magazinovic et al., 2004). In this study, 200 and 800 µg/L Brconcentrations were selected to simulate pre-chlorination and adsorption behavior under
moderate and high levels of bromide to increase the formation of Br-DBP.
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Table 3.1 Characteristics of NOMs and EfOM.

Water

DOC
(mg/L)

DN
(mg/L)

NH3
(mg/L)

SUVA254
(L/mg·m)

Cl(mg/L)

Br(µg/L)

SR NOM

2.0

0.1

MRL

4.3

0.04

MRL

RW NOM

2.0

0.1

MRL

4.0

0.02

MRL

TW NOM

2.0

MRL

MRL

2.6

MRL

MRL

WW1 EfOM

2.0

0.2

0.02

1.3

21

12

WW2 EfOM

2.0

1.9

0.04

2.1

65

MRL

MRL: Minimum Reporting Level
3.2.3. Activated carbons and their characterization
F400 (bituminous coal-based GAC, Calgon) and HD3000 (lignite-based GAC,
Norit) were selected for this study due to their wide applications in water treatment
plants(Calgon Carbon, 2019; Dastgheib et al., 2004). Each carbon sample obtained from
the manufacturer was crushed and sieved to obtain samples of 200 - 325 mesh size (average
particle diameter: 45 - 75 µm) for further experiments. ACF10 and ACF20L were based
on phenol formaldehyde and supplied by American Kynol Company. The ACF pore
structures are more homogenous than GAC which helps to differentiate the effective pore
sizes on the adsorption of NOM. To change the surface charge of the GAC, 1 g of HD3000
was oxidized in 100 mL of nitric acid (70% GR, ACS grade) for six hours on a magnetic
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stirrer. Then the oxidized carbon (HD3000A) was rinsed several times with distilled
deionized water and pH of eluent was checked until all nitric acid was removed from
carbon pores. All five adsorbents were characterized for their BET surface area, pore size
distribution, and point of zero charge (pHPZC); details of these methods have been reported
elsewhere (Dastgheib et al., 2004).
Table 3.2 shows the selected characteristics of activated carbons used in the
experiments. Among all adsorbents, HD3000 and HD3000A had the lowest BET surface
areas (i.e., 613 and 580 m2/g respectively), followed by ACF10 and F400 with comparable
BET surface areas (i.e., 844 and 832 m2/g respectively), while ACF20L had the largest
BET surface area of 1426 m2/g. Although ACF10 and ACF20L both consisted of
micropores, ACF10 had mostly primary micro pores (<1 nm) and ACF20L had mostly
secondary micro pores (1-2 nm). F400 was more microporous than HD3000 and
HD3000A, whose pore structure mostly consist of mesopores. ACF10, ACF20L, F400 had
neutral to basic surface characteristics as indicated by the pHPZC values, while HD3000 had
slightly acidic characteristics. After nitric acid activation, HD3000A maintained nearly the
same pore distribution and total surface area compared to HD3000, but a significant
decrease was observed for its surface acidity (pHPZC: 2.1). The pHPZC of HD3000A was
low because nitric acid treatment added acidic functional groups (e.g., carboxylic acid,
phenolic, nitro and nitrate groups) to the carbon surface (Karanfil and Kilduff, 1999;
Moreno-Castilla et al., 1995; Noh and Schwarz, 1990). These new functional groups were
increased the surface acidity of HD3000A and also the net negative charge on the surface
of HD3000A.
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Table 3.2 Selected characteristics of adsorbents.
Adsorbent

SABET
(m2/g)

VT
(cm3/g)

Vmicro [%]
(<1 nm)

Vmicro [%]
(<2 nm)

Vmeso [%]
(2–50 nm)

Vmacro [%]
(>50 nm)

pHPZC

ACF10

844

0.397

97

99

0

1

6.2

ACF20L

1426

0.699

51

93

6

1

8.5

F400

832

0.415

45

78

21

1

7.7

HD3000

613

0.271

8

26

73

1

5.5

HD3000A

580

0.362

6

21

78

1

2.1

SA: Surface area. V: Pore volume. pHPZC: pH of point of zero charge.

3.2.4. Pre-chlorination, adsorption, and chlorination experiments
All experiments were conducted in 125 mL duplicated bottles in dark and under
headspace-free conditions at room temperature (21±1 °C). Three steps were followed to
conduct pre-chlorination experiments, which were pre-chlorination, adsorption, and final
chlorination.
Pre-Chlorination: To both minimize HOCl concentration and have residual
chlorine after 30 minutes, 2 mg/L HOCl was selected as a pre-chlorine dose (DOC and
HOCl was at 1:1 mass ratio). After 30 minutes of pre-chlorination, residual chlorine was
measured with the N,N-diethyl-p-phenylenediamine (DPD) method using a Varian UV-
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Vis spectrophotometer at 515 nm wavelength. Then pre-chlorinated samples were
quenched with ascorbic acid (1:1 molar ratio).
Adsorption: After the pre-chlorination step, 50 mg/L GACs and ACFs were
separately added into pre-chlorinated and non-pre-chlorinated bottles. All bottles were put
on a rotary tumbler for 24 hours. Afterwards, each bottle was filtered with Pall Supor 0.45
µm pore size membrane filters, and samples were transferred into clean 125 mL bottles for
final chlorination.
Final Chlorination: The formation of DBPs from GAC treated waters was
performed under uniform formation conditions (UFC) so that all tested waters will have
the same residual HOCl after the chlorination time (Summers et al., 1996). Based on a
chlorine demand test of each water, samples were chlorinated for 24 hours. Residual 1
mg/L free chlorine was quenched with ascorbic acid (1:1 molar ratio).
3.2.5. DBP and TOX analysis
To gain mechanistic understanding, the formation of THM, HAA, HAN and TOX
was measured and compared after each step. Duplicated bottles were used for adsorption
and DBP extraction experiments.
DBPs Analysis
Quenched samples were used to extract THM, HAN and HAA. For THM and HAN
extraction, 40 mL sample was transferred to an extraction vial then 3 mL methyl tert-butyl
ether (MtBE) and 10 g of Na2SO4 were added. The extraction vials were vigorously shaken
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for 30 minutes and the top MtBE phase was transferred into 1.5 mL gas chromatography
(GC) vials and analyzed on an Agilent 6890 GC equipped with an electron capture detector
(ECD). For HAA extraction, 40 mL sample was transferred to an extraction vial and
acidified with 2 mL sulfuric acid (pH<2) and 8 g of NaCl was added. Then 4 mL MtBE
was added, and extraction vials were vigorously shaken for 30 minutes. After salting out,
3 mL of MtBE was transferred into another vial and 1 mL 10% acidic methanol was added.
Then the samples were put into 50 oC water bath for 2 hours. After the water bath, 4 mL
saturated NaHCO3 was added to neutralize the sample. The top MtBE phase was
transferred into 1.5 mL gas chromatography (GC) vials. All extracted samples were
analyzed on an Agilent 6890 GC equipped with an electron capture detector (ECD) and
Agilent J&W DB-1 non-polar capillary column.
Total Organic Halide (TOX) Analysis
After the UFC test, 80 mL of quenched sample was acidified with 2 mL 98% ACS
Plus grade sulfuric acid. The sample was passed through two Analytik Jena microcolumn
activated carbons by using Analytik Jena APU sim unit. Then the microcolumns were
washed with 20 mL 6.85 g/L sodium nitrate solution to remove inorganic halides. Both
columns were transferred to Analytik Jena MULTIX 2500 furnace and burned at 950 oC
for 20 min. After that, off-gas was collected into 20 mL of TOX water, and collected
samples were analyzed by Dionex ICS-2100 ion chromatography system to measure Cland Br- concentrations.
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Bromide Substitution Factor (BSF) Calculations
BSF numbers were calculated by dividing the molar concentration of bromine
incorporated per DBP class (i.e., THM, HAA etc.) into total molar concentration of
chlorine and bromine incorporated per DBP class. BSF can be between 0 and 1 (Hua et al.,
2006).
BSF =
3.3.

Ʃ BrDBP
Ʃ BrDBP + Ʃ ClDBP

(3.1)

Results and discussion

3.3.1. Effect of GAC characteristics on adsorption of DBPs precursors
In this study, the effectiveness of each adsorbent was evaluated using two
indicators. First, selected DBPs (i.e., THM, HAA and haloacetonitriles (HAN)) were
quantified at different steps of the experiments to examine the effects of different treatment
scenarios on the removal of the selected DBP precursors. Second, the changes in
chlorinated and brominated TOX were measured to better understand the effects of each
treatment step on both known and unknown TOX. The formation of THM, HAA, HAN
and TOX using SR NOM is presented in Figure 3.1. THM formation at the UFC condition
was 92 µg/L, and the THM speciation followed an order of DCBM > DBCM > TCM >
TBM (Figure A1a). Without pre-chlorination, no difference was observed between the
formed THM of the untreated water and the treated waters with ACF10 or ACF20L.
Apparently, the pore sizes of both ACF (i.e. < 2 nm) were smaller than NOM clusters that
can range between 0.4 – 4 nm (Li et al., 2003; Shimizu et al., 2018). On the other hand,
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when pre-chlorination was applied prior to adsorption, UFC THM formation after
adsorption decreased by 27% and 32% respectively for ACF10 and ACF20L (Figure 3.1a).
The observed decreases suggest that pre-chlorination resulted in enhanced adsorption of
THM precursors in primary and secondary micropores of both ACFs. HAA formation
under the UFC conditions was 96 µg/L, and the speciation order was TCAA > BDCAA >
BCAA > DCAA > DBCAA > DBAA > CAA > TBAA > BAA (Figure A1b) with similar
trends observed for HAA formation; pre-chlorination prior to ACF adsorption decreased
subsequent HAA UFC formation by 24% and 30% respectively (Figure 3.1b).
Furthermore, HAN formation decreased by 10% and 30% for ACF10 and ACF20L
respectively (Figure 3.1c), which suggested that HAN precursors adsorbed to a great extent
in secondary micropores than only primary micropores. Moreover, without prechlorination ACF20L decreased the TOX formation by removing an unknown portion of
chlorinated TOX and brominated TOX; however, with pre-chlorination known portion of
chlorinated TOX and brominated TOX further decreased (Figure A1d). In general,
ACF20L absorbed 6 to 20% more DBP precursors than the ACF10 with pre-chlorination
(Figure 3.1d), which was attributed to the secondary micropores (1-2 nm) of ACF20L,
which can adsorb larger molecules as compared ACF10 which mainly consists of primary
micropores (<1 nm).
In terms of the behavior of GAC, without pre-chlorination F400 was not able to
remove DBP precursor and THM, HAA and TOX formations were same with the UFC
condition. However, with pre-chlorination the formation of THM, HAA and TOX
decreased by 40 to 45 % (Figure 3.1). HD3000 has relatively smaller surface area than the
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other adsorbents. Yet, it exhibited a considerable removal of DBP precursors (up to 39%)
even without pre-chlorination. With pre-chlorination, it showed up to a 58% decrease in
THM, HAA, HAN and TOX formation (Figure 3.1). Moreover, in terms of the speciation,
the highest decrease was observed for brominated THM, HAA, and HAN than their
chlorinated precursors with pre-chlorination (Figure A1). Nitric acid modified HD3000A,
showed lower reductions - up to 36% - in THM, HAN and TOX formations than HD3000
without pre-chlorination. The smaller reduction is mainly due to the same charge on the
carbon surface and NOM molecules at the pH of the experiments (Karanfil et al., 1999;
Sánchez-Polo et al., 2007). On the other hand, HAA precursors removal was not affected
by the surface charge change and remain relatively similar for both HD3000 and HD3000A
(Figure 3.1b). With pre-chlorination, similar to other adsorbents, HD3000A performance
was also improved, but DBP formation decreased up to 20% less compared to HD3000,
since HD3000A did not remove as much DBP precursors as HD3000 did.
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Figure 3.1 Five different adsorbents effect on the adsorption of (a) THM, (b) HAA, (c)
HAN and (d) TOX precursors and intermediates under with/without pre-chlorination of SR
NOM. UFC: solid color, without pre-chlorination: diagonal stripes, and with prechlorination: dotted. Experimental conditions: [DOC] = 2 mg/L, [Br-] = 200 µg/L, pH =
7.5, pre-chlorination = 30 min, adsorption = 24 h, chlorination time = 24 h. Error bars
represent the standard deviation (n=2).
3.3.2. Effect of NOM characteristics on pre-chlorination effectiveness
Since HD3000 showed a better performance than the other adsorbents in the
previous experiments with SR NOM, it was selected for the following experiments to
evaluate the effect of NOM characteristics (i.e., high SUVA254 vs low SUVA254) in the
presence of 200 µg- Br-/L. Figure 3.2 shows the concentrations of THM, HAA, HAN, and
TOX after chlorination of the solutions containing SR, RW and TW NOM, and Figure A2
shows the speciation of all DBP classes. At the same DOC level, SR NOM showed higher
THM, HAA and TOX formation than RW and TW NOM solutions, which was attributed
to it having the highest SUVA254 value, while HAN formations were comparable for all
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three NOM. THM speciation was similar for SR and RW solutions, as their SUVA254
values were similar (4.3 and 4.0 L/mg·m respectively) (Ateia et al., 2019). TW NOM
solution, however, formed more brominated species (e.g. TBM) which was attributed to
more efficient bromination of low SUVA254 waters (Hua et al., 2015; Soyluoglu et al.,
2020; Wang et al., 2014). With pre-chlorination, THM formation decreased by an
additional 33% for both SR and RW solutions as compared to without pre-chlorination,
while the pre-chlorination of the TW did not result in additional reduction in THM.
Similarly, pre-chlorination did not improve the adsorption of the two EfOM (Figure A3a).
With the lower SUVA254 values, TW NOM, WW1 and WW2 were likely consisting of
lower molecular weight and more hydrophilic fractions; therefore, pre-chlorination did not
seem to make additional difference in their adsorption.
On the other hand, HAA formation showed a different trend than THM formation.
SR NOM showed up to 2.5 times higher HAA formation than RW and TW solutions.
Without pre-chlorination, HAA formation decreased by 27, 37 and 66% for SR, RW and
TW NOM, respectively (Figure 3.2b). However, pre-chlorination further decreased HAA
formation only for SR NOM, but not for RW and TW NOM solutions. Although, there was
a small difference in the total HAA formation between with and without pre-chlorination
of RW NOM, the main difference was in the speciation of HAAs. While, without prechlorination, HD3000 reduced the formation of chlorinated HAA species by removing its
precursors, with pre-chlorination this trend changed to more brominated species and less
brominated HAAs formed (e.g., TBAA) (Figure A2b). Interestingly, compared to without
pre-chlorination there was 19% increase in the HAA formation of TW NOM with pre-
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chlorination (Figure 3.2b) and no additional improvement for WW1 and WW2 (Figure
A3b). It was reported that low molecular weight molecules have low adsorption affinity
(Karanfil et al., 1999) and this can be the reason for an increase in HAA formation, because
pre-chlorination breaks NOM into smaller molecules resulting in HAA precursors being
less absorbable. While one study suggested that pre-chlorination can help decrease HAA
formation (Jiang et al., 2017), another reported no effect (Fischer et al., 2019).
The trends for the decrease in HAN formation were similar to those of THM
formation. Without pre-chlorination HAN formation decreased 17% for both SR and RW
NOM and 68% for TW NOM (Figure 3.2c). The formation of HANs was higher for WW1
and WW2 than the other samples because of the higher nitrogen content; without prechlorination formation of HANs decreased by 30% for WW1 and WW2 (Figure A3c). On
the other hand, with pre-chlorination HAN formation on SR and RW NOM decreased by
30%, but did not have an effect for TW NOM. Similar to SR and RW pre-chlorination
improved the adsorption of HAN precursors and an additional 15% decreased was
observed for both WW1 and WW2 (Figure A3c).
Even though pre-chlorination showed either no effect or little increase on DBPs
formation for low SUVA254 NOM (i.e., TW NOM), it is also critical to consider the effects
on TOX formation, as it helps to see overall halogenated DBP precursor removals. Without
pre-chlorination, the TOX formation decrease was 39% and increased to 54% with prechlorination for SR NOM (Figure 3.2d). Similarly, with pre-chlorination TOX formation
decrease was 44% and increased to 57% at RW NOM. These additional 13 to 15% TOX
formation decrease mostly happened on the unknown portion of chlorinated TOX and
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brominated TOX in SR and RW NOM solutions (Figure A2d). On the other hand, with
pre-chlorination TOX formation removal decreased from 84% to 63% for TW NOM.
Moreover, while pre-chlorination improves 15% TOX removal on WW1, it did not show
any effect on WW2 (Figure A3d). These trends suggest that pre-chlorination affects the
adsorption of known and unknown halogenated DBP precursors differently on low and
high SUVA254 organic matter, which can be explained by the different characteristics of
tested OMs.

Figure 3.2 Three different NOMs (a) THM, (b) HAA, (c) HAN and (d) TOX formations
under with/without pre-chlorination. UFC: solid color, without pre-chlorination: diagonal
stripes and with pre-chlorination: dotted. Experimental conditions: [DOC] = 2 mg/L, [Br-]
= 200 µg/L, pH = 7.5, pre-chlorination = 30 min, adsorption=24 h with HD3000,
chlorination time=24 h. Error bars represent the standard deviation (n=2).
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3.3.3. Effect of Br- concentration on adsorption
Br- concentration is an important factor when considering the formation and the
speciation of DBPs. Thus, solutions of SR, RW and TW NOM were treated with four
adsorbents under three different Br- concentrations (in the absence of bromide, 200 and
800 µg/L). Figure 3.3 shows THM, HAA, HAN and TOX formation for RW NOM solution
with HD3000 treatment. Speciation of DBPs results for all NOM solutions can be found in
Figure A4, Figure A5 and Figure A6. When Br- concentration was increased to 200 and
800 µg/L, THM speciation shifted from trichloromethane (TCM) to tribromomethane
(TBM) on RW (Figure A4a), SR and TW NOMs (Figure A5a, Figure A6a). As the
formation of THMs increased, the pre-chlorination effect on the removal of THM
precursors became more obvious for RW (Figure 3.3a and Figure A4a) and SR NOMs
(Figure A5a), but not for TW NOM (Figure S6a). The THM formation difference between
without pre-chlorination and with pre-chlorination under 800 µg/L Br- concentration
increased to 19%, 21% and 1% for RW, SR and TW NOM solutions, respectively (Figure
3.3a, Figure A5a and Figure A6a).
Similar to THM speciation, HAA formation shifted towards more brominated
species (i.e., TBAA) as the Br- concentration increased. In the absence of bromide, prechlorination did not have an effect, and as the Br- concentration increases, HD3000
adsorption decreased the formation of HAAs by 53% (Figure 3.3b and Figure A4b). As the
Br- concentration increased more HAA precursors was removed for SR NOM and the
formation difference between without and with pre-chlorination increased to 14% (Figure
A5b); however, Br- concentration increases did not make difference for RW NOM. On the
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other hand, under all three Br- concentrations formation of HAAs increased 10-20% at TW
NOM (Figure A6b).
While DCAN was the only species in the absence of bromide, the formation almost
became only DBAN at 800 µg/L Br- concentration for all NOM solutions (Figure A4c,
Figure A5c and Figure A6c). With pre-chlorination, HAN formation of RW NOM and SR
NOM decreased additionally 22% and 27%, respectively (Figure 3.3c and Figure A5c) and
no additional decrease was observed for TW NOM solution (Figure A6c).
TOX formation removals increased by 5-10% with pre-chlorination for RW NOM
(Figure 3.3d) and 18-25% for SR NOM solution (Figure A5d). Interestingly, for TW NOM
solution, in the absence of bromide, TOX formation was 20% higher with pre-chlorination
than without pre-chlorination; however, as the Br- concentration increased, both without
and with pre-chlorination, TOX formations were similar (Figure A6d).
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Figure 3.3 Formation of (a) THM, (b) HAA, (c) HAN and (d) TOX under three different
Br- concentration with/without pre-chlorination for RW NOM. UFC: solid color, without
pre-chlorination: diagonal stripes and with pre-chlorination: dotted. Experimental
conditions: [DOC] = 2 mg/L, [Br-] = 0 - 200 - 800 µg/L, pH = 7.5, pre-chlorination = 30
min, adsorption = 24 h with HD3000, chlorination time = 24 h. Error bars represent the
standard deviation (n=2).

Figure A7 presents the comparison of BSF among THM, di-HAA and tri-HAA at
200 µg/L Br- concentration for SR, RW and TW NOMs. In general, TW BSF values were
higher than SR and RW NOM, which was attributed to its lower SUVA254 value. As the
hydrophobicity increases, chlorine competes with bromine to react with more organic
matter and forms more chlorinated DBPs than brominated ones, which results in lower
BSFs (Hua et al., 2006). Without pre-chlorination -only carbon adsorption- increased the
BSF values after treatment which can be attributed to higher Br-/DOC ratio since only DOC
removed by carbon adsorption. On the other hand, with pre-chlorination after the carbon
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treatment the BSF values were less than if pre-chlorination was not used. THM, di-HAA
and tri-HAA BSF values decreased additionally up to 13%, 21% and 42%, respectively
(Figure A7). Interestingly, TW NOM BSF values decreased as well with pre-chlorination,
although the formation of THMs and HAAs were similar between without and with prechlorination for TW NOM. This further supports that pre-chlorination increased the
adsorption of brominated DBPs’ precursors. Furthermore, bromate formation was checked
in all pre-chlorinated samples and below the minimum reporting level (<10 µg/L), which
indicated that the observed BSF reduction was not caused by bromate formation.
3.3.4. Correlation between GAC surface area and DBP formation
To examine the effect of pore size distribution, THM, HAA, TOX and unknown
TOX (U-TOX) formations were plotted as a function of surface area for three different
NOM types. Figure 3.4 shows the mesoporous surface area vs DBP formation correlations
for SR, RW and TW NOM with pre-chlorination. THM and HAA correlation R2 values
were higher than 0.79 and 0.63, respectively, and SR NOM correlations were the highest
among the three NOM solutions (Figure 3.4a). While R2 values for all three NOM were
high with TOX formations (R2>0.76), the correlations with U-TOX were also high
(R2>0.69) which suggest not only was the known portion of TOX precursors removed by
mesoporous surface area, but also unknown halogenated precursors were removed as well.
U-TOX correlations indicate that with pre-chlorination, as the mesoporous surface area
increases the adsorption of unknown DBP precursors also increases, and pre-chlorination
not only will improve regulated DBP precursor adsorption, but it also will improve
unknown DBP precursor adsorption. Although, an improvement with pre-chlorination for
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TW NOM was not seen, the R2 was higher than 0.72, which suggests that most of the
adsorption of DBP precursors occurred on the mesoporous region even for lower SUVA254
NOM solution. The results of regression analysis indicated that correlation between
mesoporous surface area and THM and HAA formations for SR NOM was significant (i.e.,
p<0.05), while the others were not. Moreover, several correlations were also investigated
(e.g., with micropore or macropore surface area etc..), but the analyses did not result in any
correlations (data not shown).
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Figure 3.4 Mesoporous surface area vs DBP formation correlations with (a) SR, (b) RW
and (c) TW NOM solutions. DBP data: solid, TOX data: open. ACF10: circle, ACF20L:
square, F400: diamond and HD3000: triangle. Experimental conditions: [DOC] = 2 mg/L,
[Br-] = 200 µg/L, pH = 7.5, pre-chlorination = 30 min, adsorption = 24 h, chlorination time
= 24 h.
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3.4.

Conclusions
This study showed that carbon porosity, NOM characteristics, and Br-

concentration change the effectiveness of NOM and EfOM adsorption by GAC when prechlorination was applied. Pre-chlorination improved the adsorption of both chlorinated and
brominated DBP precursors with tested ACFs and GACs. Adsorption of halogenated DBP
precursor did not increase with increasing surface area of adsorbents, on the contrary
HD3000 has the lowest total surface area measured by BET (Table 3.2), but it adsorbed
more halogenated DBP precursors than all other adsorbents because its volume of
mesopores was the highest (Table 3.2). Although all adsorbents removal performance was
increased with pre-chlorination, GAC with basic characteristic (HD3000) adsorbed more
halogenated DBP precursors than GAC with an acidic characteristic (HD3000A).
Measured DBPs and TOX decreases showed that pre-chlorination was more effective with
organic matter with higher aromaticity. Furthermore, pre-chlorination decreased the
adsorption of certain DBP precursors (e.g., HAAs) with low SUVA254 NOM, which
suggested that as hydrophobicity increased the effectiveness of pre-chlorination also
increased. Formation of Br-DBPs was increased by elevated Br- concentration, and with
pre-chlorination the adsorbents removed more Br-DBPs precursors than chlorinated ones
which decreased BSF values. Although ACFs adsorption performance was also increased
with pre-chlorination, correlations between DBP formation and surface area showed that
the adsorption of halogenated DBP precursors occurred primarily on the mesoporous
region of the adsorbent. Results from this study suggest that water treatment plants with
high Br- concentrations in their raw water can control DBPs formation by applying chlorine
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before the GAC filters. To this end, choosing microporous to mesoporous GAC types can
further decrease the formation of DBPs.
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CHAPTER FOUR
PRE-CHLORINATION PRIOR TO GAC ADSORPTION ENHANCES DBP
PRECURSOR CONTROL: THE EFFECT OF WATER CHEMISTRY AND
COLUMN STUDIES

4.1.

Introduction
Water treatment plants have been using activated carbon adsorption systems for

over the last 100 years (Symons, 1984). Activated carbon (AC) is a promising absorbent
for the removal of a wide range of organic and non-polar compounds from water, including
natural organic matter (NOM) which is one of the main disinfection by-products (DBP)
precursors. The interactions between AC and NOM can be grouped into two categories;
physical and chemical interactions (Karanfil et al., 1999; Newcombe et al., 1997;
Newcombe and Drikas, 1997; Summers and Roberts, 1988; Velten et al., 2011). The
physical interactions are controlled by relative molecular size distribution of NOM with
respect to the pore size distributions as well as the surface areas of AC. The chemical
interactions are controlled via water chemistry, surface chemistry of AC, and molecular
structure of NOM.
Recent studies showed that pre-chlorination prior to the AC adsorption can improve
the adsorption of DBP precursors and reduce the formation of DBPs (Cuthbertson et al.,
2019; Erdem et al., 2020; Fischer et al., 2019; Jiang et al., 2018, 2017). Jiang et al. (2017)
showed the pre-chlorination effect on AC adsorption with 2 mg/L bromide (Br-) containing
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by using only SR NOM. One of the limitations of their study was testing unrealistic
conditions with only one NOM isolate, and not with a whole water sample. Using a whole
water sample is important, because NOM isolates contain very low concentration of ions
(e.g., Cl-, Ca+), and these ions can change the adsorption efficiency. Moreover, they kept
the same CT values (i.e., disinfectant concentration times the contact time) for the new
approach (chlorination followed by AC adsorption) and the traditional approach (AC
adsorption followed by chlorination). Their results suggested that pre-chlorination reduced
both polar and aromatic halogenated DBP intermediates which were measured by
electrospray ionization-triple quadrupole mass spectrometer. In addition, THM and HAA
formations were reduced with pre-chlorination approach. Fisher et al. (2019) reported up
to 30% reduction of THM formations with pre-chlorination, while they observed no impact
on HAA5 formation. Cuthbertson et al. (2019) reported the effect of pre-oxidation (i.e.,
chlorine, chlorine dioxide, and potassium permanganate) by evaluating samples from three
different full scale water treatment plants. First treatment plant used chlorine dioxide and
chlorine, second treatment plant used potassium permanganate and chlorine, and third
treatment plant used only potassium permanganate as a pre-oxidant. Moreover, first
treatment plant had an algae impact, and second treatment plant had an industrial
wastewater and agricultural impact on their source water (third treatment plant did not have
any impact on source water), also all three water treatment plant raw water had low (≤ 1.8
L/mg·m) SUVA254 (SUVA254 which is an indicator of aromatic components of the organic
matter). The main limitation of their study was the water treatment plants did not have a
control of without pre-oxidation, so they only compared the results with untreated water.
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They concluded that pre-oxidation reduced the formation of THMs, HAAs,
haloacetaldehydes and haloketones. However, this conclusion did not reflect the
cytotoxicity and genotoxicity of the treated water, since concentration of some DBPs (e.g.,
tribromonitromethane, bromoiodoacetamide) increased after treatment. For example, while
DBP formations were reduced by 85% at 5600 bed volume (BV), their calculated
cytotoxicity was reduced by only 20% for the first treatment plant. Lastly, the results
presented in Chapter 3 showed that halogenated DBP intermediates adsorbed mostly in the
mesoporous regions of the GAC, pre-chlorination was more effective for high SUVA254,
than low SUVA254 NOM, and pre-chlorination increased the adsorption of brominated
DBP precursors (Erdem et al., 2020). With these studies, the information and knowledge
about the pre-chlorination effect on AC adsorption, under practical water treatment
conditions, are very limited in the literature.
A rapid small-scale column test (RSSCT) is a quick method to evaluate the
performance of GAC fixed adsorbers at water treatment plants using a small column
designed and operated through some scaling equations. RSSCT has been shown to
successfully simulate the breakthrough profiles of NOM for full scale GAC beds (Bruce
Dvorak et al., 1999; Crittenden et al., 1987, 1986; Summers et al., 1995). Using RSSCT,
one can mimic and produce representative results in a relatively short amount of time
compared to pilot scale and full-scale tests.
In this study, RSSCTs were conducted to evaluate the pre-chlorination benefits
under representative water treatment conditions. The objective was to investigate (i) prechlorination effect on the breakthrough curves of different types of NOMs, (ii) the effect
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of empty bed contact time (EBCT) on the adsorption of DBP precursors after prechlorination, and (iii) the effect of water treatment chemistry conditions representative of
water treatment (e.g., pH and ionic strength) on the effectiveness of the pre-chlorination
followed by AC adsorption.
4.2.

Material and methods

4.2.1. Chemicals and reagents
Reagent grade chemicals and standards were used in all experiments. EPA 501/601
Trihalomethanes Calibration Mix (Supelco) with a concentration of 2000 µg/L was used
for four species of THM calibrations. EPA 551B Halogenated Volatiles Mix (Supelco)
with a concentration of 2000 µg/L and 1000 µg/L EPA-1205-1 Chloroacetonitrile Standard
and Bromoacetonitrile, 97% (Acros Organics) were used for six species of HAN
calibrations. HCM551B1 Disinfection Byproducts Mixture (Ultra Scientific) with a
concentration of 5000 µg/L was used for nine species of HAA calibrations, and 1000 µg/L
TraceCERTTM 2-Bromopropionic acid Solution (MilliporeSigma) was used as a HAA
surrogate. GR ACS sodium chloride crystals (Millipore) and ultra resi-analyzed ACS
Reagent sodium sulfate, anhydrous granular (J.T. Baker) salts were used for the salting out
process for THM, HAN and HAA extractions. ACS L-ascorbic acid, free acid (VWR) was
used to quench residual free chlorine in samples. Sodium hypochlorite (5%) solution (J.T.
Baker) was used to chlorinate samples. The detection limits for each measured parameter
are given in Table A1.
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4.2.2. Water samples and experimental conditions
Suwannee River NOM (SR) was purchased from the International Humic
Substances Society, which is widely used in the literature (Hidayah and Cahyonugroho,
2019; Li et al., 2011; Ratpukdi et al., 2009; Watson et al., 2019; Westerhoff et al., 2004;
X. Zhang and Minear, 2006; X. R. Zhang and Minear, 2006). SR NOM was dissolved in
Milli-Q water (18 MΩ.cm, Millipore) to prepare a main stock solution with a high
concentration (i.e., 534 mg/L), and then diluted to 6 mg/L DOC for the experiments. The
DOC concentration of treated surface water (TSW) which was collected from a drinking
water treatment plant after conventional clarification processes (coagulation, flocculation,
and sedimentation) was 1.7 mg/L. To have similar DOC concentrations during RSSCT, the
TSW was concentrated to 6 mg/L DOC using a reverse osmosis system. Both SR and TSW
were filtered with pre-washed 0.1 µm hydrophilic polyether sulfone membrane filters
before experiments. SR NOM (SUVA254 = 4.1 L/mg·m) was selected to understand the
pre-chlorination effects for NOM components with high aromaticity that occur in some
raw water. TSW was selected to investigate the pre-chlorination effect after conventional
water treatment where GAC filters are typically placed, since it has low SUVA254 value
(2.2 L/mg·m).
One of the main objectives of this study was to investigate the formation of BrDBPs with pre-chlorination, which previous studies have shown reduced the formation of
Br-DBPs (Cuthbertson et al., 2019; Erdem et al., 2020; Jiang et al., 2017). After adjusting
the DOC, Br- concentrations were studied at 200 µg/L (moderate Br- concentration) by
spiking the Br-in the NOM solution. The pH of the samples was adjusted using 10 mM
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phosphate buffer. Experiments with SR NOM and TSW were conducted with prechlorination and without pre-chlorination. For the pre-chlorination setup, working solution
(6 mg/L DOC with 400 µg/L Br-) and chlorine (6 mg/L HOCl) lines were mixed at the ratio
of 1:1 (v/v) using a static mixer to obtain 3 mg/L DOC (with 200 µg/L Br-) at the entrances
of RSSCT columns. Then, water was pumped through a chemical resistant polyethylene
tubing with 30 min of hydraulic retention time for pre-chlorination. A stainless-steel
sampling valve was placed after the pre-chlorination line to collect samples and confirm
DOC and HOCl concentrations before the column entry. Chlorine was measured with the
N,N-diethyl-p-phenylenediamine

(DPD)

method

using

a

Varian

UV-Vis

spectrophotometer at 515 nm wavelength. Experiments with SR NOM and TSW included
control experiments without pre-chlorination. DOC of control experiments was also
adjusted to 3 mg/L DOC with Milli-Q water (18 MΩ.cm, Millipore). Selected water quality
parameters measured at the entrance of the RSSCT columns are provided in Table 4.1.
Table 4.1 Selected water quality at the entrance of RSSCT.
DOC

DN

SUVA254

Cl-

Br-

(mg/L)

(mg/L)

(L/mg·m)

(mg/L)

(µg/L)

SR NOM

3.0

0.1

4.1

0.5

200

TSW

3.0

0.2

2.2

10.2

200

Water

The effect of pH (5.5 and 7.5) and calcium hardness (0 and 250 mg/L as CaCO3 at
pH 5.5) were also tested. The levels of these water quality parameters were determined
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based on their typical ranges for GAC adsorption applications at water treatment plants.
The pH of solutions was adjusted by using 10 mM phosphate buffer, while to investigate
the calcium hardness effect, CaCl2 was used to prepare the solution, and the experiments
were conducted only at pH 5.5. While the solution was prepared for 250 mg/L as CaCO3,
a control experiment without Ca2+ addition was also conducted to compare the results. The
summary of the experimental matrix of RSSCT is given in Table 4.2.
Table 4.2 Experimental matrix of RSSCT.

Experiment

Waters

EBCT
(min)

1
2

5
10

3

15

4
5

SR
NOM

15

7
8

5
10

9

15

12

TSW

Br(µg/L)

Pre-Cl2
Dose
(mg/L)

pH
7.5

-

5
10

6

10
11

DOC
(mg/L)

5.5
7.5

3
3

200

7.5
-

5
10

5.5

5.5
7.5

3

15
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5.5

Background
250 mg/L Ca2+
as CaCO3
250 mg/L Ca2+
as CaCO3
250 mg/L Ca2+
as CaCO3
250 mg/L Ca2+
as CaCO3

4.2.3. RSSCT setup and conditions
Lignite based Norit HD3000 was used, and the characteristics of AC can be found
in Table 3.2. HD3000 was crushed and sieved to obtain an average particle diameter of 116
µm, then washed several times with DDI and dried at 50 oC. Two column setups were
prepared to compare without and with pre-chlorination and the selected and assumed
RSSCT parameters along with assumptions are given below.
RSSCT Design Parameters
In this study, USEPA guidelines were used to calculate RSSCT design parameters
(USEPA, 1996). During RSSCT parameter calculations, two different design approaches
for diffusivities can be used. While constant diffusivity assumes that intraparticle
diffusivities do not change and are independent of adsorbent size, proportional diffusivity
assumes that intraparticle diffusivity is proportional and dependent on adsorbent size
(Crittenden et al., 1991; Hazen and Sawyer, 2013). The proportional diffusivity design
approach was used, as the diffusion coefficient decreases proportionally with decreasing
particle size, and a previous study showed that proportional diffusivity is better than
constant diffusivity to predict the pilot-scale column data for NOM adsorption (Crittenden
et al., 1991). Moreover, in order to avoid channeling, the ratio of the column inner diameter
to particle size must be greater than 25 (Karanfil et al., 2007).
Determination of RSSCT Parameters
The RSSCT calculation parameters and their corresponding abbreviations are given
in Table 4.3.
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Table 4.3 RSSCT design parameters.
Parameters

Abbreviations

Values

EBCT of the large column

EBCTLC

5 min

Average particle size of large column

dLC

1.6 mm

Average particle size of small column

dSC

0.1155 mm

Inner diameter of small column

DSC

0.8 cm

Reynolds number

ReSC

0.55 (USEPA, 1996)

Superficial velocity

ѵSC

10-6 m2/cm (at 20 oC)

Porosity of adsorbent

ɛSC

0.4 (assumed)

Density of adsorbent

ρSC

0.38 g/cm3 (assumed)

Scaling factor determination: Scaling factor determined by divining average
particle size of large column to small column.
SF =

SF =

dLC
dSC

(4.1)

1.6 mm
=13.9
0.1155 mm

EBCT determination: EBCTSC determined by dividing EBCTLC to scaling factor.
SF =

EBCTSC =

EBCTLC
EBCTSC

EBCTLC 5 min
=
= 0.36 min
13.9
SF
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(4.2)

Hydraulic loading rate determination: VSC determined by multiplying Reynolds
number, superficial velocity, porosity of adsorbent and dividing them to average particle
size of small column.
VSC =

ReSC x ѵSC x ɛSC
dSC

(4.3)

0.55 x 10-6 m2/s x 0.4 60 s
1 mm
104 cm2
VSC =
x
x
x
= 11.5 cm/min
1 m2
0.1155 mm
1 min 0.1 cm
Length of carbon bed determination: Length of carbon bed determined by
multiplying EBCTSC with hydraulic loading rate.
lSC = EBCTSC x VSC

(4.4)

lSC = 0.36 min x 11.5 cm/min = 4.14 cm
Carbon mass determination: Carbon mass determined by multiplying length of
carbon bed, density of adsorbent, pi, square of inner diameter of small column and dividing
them to 4.
mSC =

lSC x ρSC x π x DSC2
4

4.14 cm x 0.38 g/cm3 x 0.82
mSC =
= 0.791 g
4
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(4.5)

Flow rate determination: Flow rate determined by multiplying Hydraulic loading
rate of small column, pi, square of inner diameter of small column and dividing them to 4.
QSC =

VSC x π x DSC2
4

(4.6)

11.5 cm/ min x π x 0.82
= 5.8 cm3/min = 5.8 mL/min
QSC =
4
The summary of RSSCT parameters for all EBCTs is given in Table 4.4.
Table 4.4 Design Summary of RSSCT Parameters
EBCTLC
(min)

SF

EBCTSC
(min)

lSC
(cm)

mSC
(g)

QSC
(mL/min)

5

13.9

0.36

4.14

0.791

5.8

10

13.9

0.72

8.28

1.582

5.8

15

13.9

1.08

12.42

2.372

5.8

RSSCT Tracer Test
Three tracer tests were conducted under the conditions of the RSSCT experiment
to confirm the flow patterns in RSSCTs and the effect of column packing. NaCl was used
as a tracer. During tracer tests, three independently packed columns with one pump setup
were used. Figure 4.1 shows the cumulative residence time distribution (F curve) for the
three independent RSSCTs which were obtained by using conductivity detection of NaCl
solution. F curve results proved the reproducibility of flow patterns and consistent packing

62

and preparation of different column for the experiments. Furthermore, residence time
distribution curves (E curve) were also obtained by applying numerical differentiation to
results of F curves (Figure 4.2). E curves showed that channeling was not an issue in the
columns. Overall, the tracer test results confirmed that both experimental setup and the
techniques provided reproducible flow conditions.

Figure 4.1 Step input tracer response curves (F curves) of RSSCTs

Figure 4.2 Residence time distribution curves (E-curves) of RSSCTs
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Figure 4.3 shows the details of the setup that have been used in this study. Flow of
the solutions were adjusted by high pressure liquid metering pumps (Eldex Model: B-100S-4). Three glass chromatography columns were purchased from ACE Glass and connected
in series with stainless-steel sampling valves to test three different EBCTs (5, 10, 15 min)
during the same experimental run. Water samples were collected at each 1000 BV for three
different EBCTs. During water collection, desired sampling valve was opened, and
samples were collected in two separate 60 mL amber bottles (headspace-free) for further
experiments.

Figure 4.3 RSSCT System Design
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4.2.4. Uniform formation conditions
The formation of DBPs from SR NOM and TSW was performed under uniform
formation conditions (UFC), which was used to mimic the formation of DBPs in
distribution systems with 1 mg/L residual chlorine after 24 h of reaction time. The tested
waters had the 1 mg/L residual HOCl after chlorination time (Summers et al., 1996). Prior
to the addition of chlorine, the pH of water samples was checked and readjusted to 7.5 by
concentrated NaOH (if necessary). Based on chlorine demand tests, samples were
chlorinated to achieve a free chlorine residual of 1 mg/L as Cl2 after 24 h. All experiments
were conducted in 60 mL bottles in dark and under headspace-free conditions at room
temperature (21±1 °C). After 24 hours of reaction time, the samples were analyzed for
residual chlorine according to the DPD colorimetric method (SM 4500- Cl G) (APHA et
al., 2005). Residual 1 mg/L free chlorine was quenched with ascorbic acid (1:1 molar ratio).
The quenched samples were analyzed for DBPs measurements.
4.2.5. DBP and TOX analysis
DBPs Analysis
Quenched samples were used to extract THM, HAN and HAA. For THM and HAN
extraction, a 20 mL sample was transferred to extraction vial then 3 mL methyl tert-butyl
ether (MtBE) and 10 g of Na2SO4 were added into 20 mL sample. Extraction vials were
vigorously shaken for 30 minutes and the top MtBE phase was transferred into 1.5 mL gas
chromatography (GC) vials and analyzed on an Agilent 6890 GC an equipped with electron
capture detector (ECD). For HAA extraction, a 20 mL sample was transferred to an
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extraction vial and spiked with 40 μL of surrogate standard (2-bromopropionic acid, 10
mg/L in MTBE). Afterwards, samples were acidified with 1 mL sulfuric acid (pH<2) and
8 g of NaCl was added. Four mL MtBE was added into solution and extraction vials were
vigorously shake for 30 minutes. After salting out, 3 mL of MtBE was transferred into
another vial and 1 mL 10% acidic methanol was added into solution. Samples were put
into 50 oC water bath for 2 hours. Following the water bath, 4 mL saturated NaHCO3 was
added to neutralize the sample. The top MtBE phase was transferred into 1.5 mL gas
chromatography (GC) vials. All extracted samples were analyzed on an Agilent 6890 GC
equipped with an electron capture detector (ECD) and Agilent J&W DB-1 non-polar
capillary column.
Total Organic Halide (TOX) Analysis
After the UFC test, 20 mL of quenched sample was acidified with 1 mL 98% ACS
Plus grade sulfuric acid. The sample was passed through two Analytik Jena microcolumn
activated carbons by using Analytik Jena APU sim unit. Then microcolumns were washed
with 10 mL 6.85 g/L sodium nitrate solution to remove inorganic halides. Both columns
were transferred to Analytik Jena MULTIX 2500 furnace and burned at 950 oC for 20 min.
After the off-gas was collected into 20 mL of TOX water, collected samples were analyzed
by Dionex ICS-2100 ion chromatography system to measure Cl- and Br- concentrations.
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4.3.

Results and discussion

4.3.1. Effect of organic matter type
The effect of organic matter type with respect to pre-chlorination impact on the
adsorption of DBP precursors was tested by using SR NOM (SUVA254: 4.1 L/mg·m) and
TSW (SUVA254: 2.2 L/mg·m). The samples were collected from effluents of the columns
at different EBCTs for different runs and breakthrough times. Then, they were chlorinated
and the anticipated DBP formation in the distribution system as a function of volume of
water treated plotted. Although these plots will be called as “breakthrough curves of DBPs”
in this chapter, they reflect the prediction of DBP formation at 1 day residence time in
distribution systems. The breakthrough curves of THMs and HAAs for both SR NOM and
TSW at 3 mg/L DOC concentration in the presence of 200 µg/L Br- are shown in Figure
4.4. Therefore, to examine the effect of pre-chlorination on Br-DBP formation, the results
were shown as five post breakthrough curves, including the four regulated THMs (TCM,
DCBM, DBCM, TBM), only three brominated THMs (DCBM, DBCM, TBM), total HAAs
(MCAA, MBAA, DCAA, BCAA, TCAA, DBAA, BDCAA, DBCAA, TBAA), the five
regulated HAAs (MCAA, MBAA, DCAA, TCAA, DBAA) and only six brominated HAAs
(MBAA, BCAA, DBAA, BDCAA, DBCAA, TBAA). While y-axis shows the DBP
concentration, primary and secondary x-axes show “bed volume of water treated”, and
“large scale filter bed operation time”, respectively. In general, water treatment plants
closely monitor DOC breakthrough in their GAC filter bed, and the targeted breakthrough
performance is usually between 50 to 80% (Chowdhury et al., 2013). The formation of
DBPs was measured at about each 1000 BV, and 75% (i.e., C/C0=0.75) of untreated DBP
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formation values selected to evaluate the performance of each RSSCT experiments which
maintained the THM and HAA levels below their regulatory MCL values while providing
higher utilization of carbon bed. The procedure also gave an opportunity to observe high
volumes of water treated or longer operation times with the pre-chlorination. The bed
volume values of selected DBPs at C/C0=0.75 are shown in different summary tables for
each specific conditions (from Table 4.5 to Table 4.11).
THM4 formations were 83 and 69 µg/L for control samples (untreated with
RSSCT) of SR NOM and TSW, respectively (Figure 4.4a&f). These values were
designated as C0 for the calculation of breakthrough values for the performance evaluation.
The breakthrough curves were evaluated for both types of samples, without and with prechlorination samples. Firstly, SR NOM and TSW reached 75% of THM4 (i.e., 62, and 52
µg/L, respectively) breakthrough at 1800 and 5000 BVs without pre-chlorination,
respectively (Figure 4.4a&f). When the effect of pre-chlorination was tested for SR NOM
and TSW, BVs were increased five times higher than without pre-chlorination, 9000 and
10000 BV, respectively. Without pre-chlorination, lower BVs were observed for SR NOM
when compared to TSW (Table 4.5) which was attributed to the more hydrophobic nature
of the former (SUVA254=4.1 L/mg·m) than the latter (SUVA254=2.2 L/mg·m) (Table 4.1).
While Br-THM3 formation covers the 65% of THM4 for SR NOM, this percentage
was increased to 83% for TSW, which was mainly due to the higher bromination efficiency
of low SUVA254 waters than high SUVA254 waters (Erdem et al., 2020; Hua et al., 2015;
Soyluoglu et al., 2020). With pre-chlorination, the volume of water treated increased more
than 10 and 2.5 times for SR NOM and TSW, respectively, for Br-THM3 (Table 4.5).
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While BVs showed differences for THM4 and Br-THM3 for SR NOM with prechlorination (i.e., 9000 and 10000 BV), TSW had the same BVs for THM4 and Br-THM3,
since Br-THM3 was the main portion of the formed THM4 for TSW with low SUVA254
value. Overall, pre-chlorination was effective in reducing both and THM4 and Br-THM3
precursors.
Table 4.5 Bed volumes of selected DBPs (C/C0=0.75) with 5 min EBCT different OMs
DBPs
THM4
Br-THM3
HAA9
HAA5
Br-HAA6

SR NOM
Without
With
Pre-Cl2
Pre-Cl2
1800
9000
≤1000
10000
3000
3200
2000

TSW
Without
With
Pre-Cl2
Pre-Cl2
5000
10000
4000
10000
10500
11000
10000

As shown in Figure 4.4c and h, the formation of HAA9 in the control samples for
SR NOM and TSW was 42 and 55 μg/L, respectively. Moreover, the formation of HAA
was evaluated as HAA5 and Br-HAA6 for all conditions. The major contributor of HAA9
was Br-HAA6 species for TSW, since higher formation of brominated species under low
aromaticity water. The formation of chlorinated HAA was higher in more hydrophobic
waters (Figure 4.4d&i). Both SR NOM and TSW showed similar breakthrough trends for
both treatments. SR NOM had higher HAA5 formation (i.e., 29 μg/L) than TSW (i.e.,
27 μg/L) since chlorinated HAAs were main species, MCAA, DCAA, and TCAA, for
HAA5 species. While TSW had 38 μg/L Br-HAA6 concentration, SR NOM had lower BrHAA6 formation with 17 μg/L concentration (Figure 4.4e&j). The adsorption of HAA
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precursors did not improve and similar BVs wereobtained by without and with prechlorination (Table 4.5). While SR NOM reached 75% of HAA9, HAA5, Br-HAA6
breakthrough (i.e., 32, 22, and 13 µg/L, respectively) at 3000, 3200 and 2000 BVs without
and with pre-chlorination, respectively, TSW reached 75% of HAA9, HAA5, Br-HAA6
breakthrough (i.e., 41, 20, and 29 µg/L, respectively) at greater BVs 10500, 11000, and
10000 BVs without and with pre-chlorination, respectively. Moreover, other studies also
observed that pre-chlorination did not improve the adsorption of HAA precursors (Erdem
et al., 2020; Fischer et al., 2019).
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Figure 4.4 THM and HAA breakthrough curves for SR NOM (a-e) and TSW (f-j) under
with/without pre-chlorination. Control (C0): horizontal black dotted lines, without prechlorination: solid lines with circles, and with pre-chlorination: dashed lines with triangles.
Experimental conditions: [DOC] = 3 mg/L, [Br-] = 200 µg/L, pH = 7.5, pre-chlorination =
30 min, EBCT = 5 min, chlorination time = 24 h, adsorbent = HD3000. Error bars represent
two measurements of one sample.
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4.3.2. Effect of EBCT on adsorption of DBP precursors
EBCT is an important factor when considering the practical aspect of water
treatment. It can vary at full scale GAC columns and show the amount of time that the
water passes thru empty column bed. The effect of EBCT was tested for both SR NOM
and TSW. Moreover, three different EBCTs, 5, 10, and 15 min, were evaluated. The results
for SR NOM are in Figure 4.5. The control samples of each DBP class for SR NOM was
the same for each EBCTs, and it is shown with straight dotted lines in Figure 4.5.
The formation of THM4 for the control sample was 83 µg/L. When EBCT
increased, pre-chlorination also increased the volume of water treated by 5, 4.3 and 3.6
times for EBCT 5, 10 and 15, respectively (Table 4.6). Although a similar bed volume of
water treated was obtained for each EBCT with pre-chlorination, the predicted operation
time for each EBCT was different. For example, while 9000 BV represents 30 days of
operating time for a water treatment plant on 5 min EBCT, same BV represents 90 days on
15 min EBCT. Br-THM3 formation of control sample was 54 µg/L. The treatments without
pre-chlorination reached 75% breakthrough (i.e., 41 µg/L) with ≤ 1500 BV for all EBCTs,
and it increased to 10000, 6000, and 7000 BV for 5, 10, and 15 min EBCT with prechlorination, respectively. The pre-chlorination effect on adsorption was higher for 5 min
EBCT than 10 and 15 min EBCT for both THM4 and Br-THM3, as the amount of BV
increase was the highest at 5 min EBCT. Furthermore, without pre-chlorination Br-THM3
reached to 100% of breakthrough (i.e., 54 µg/L) with ≤ 2000 BV for all EBCTs, and withpre-chlorination 100% of breakthrough was never achieved. Reaching to 100% of
breakthrough can be attributed to indirect removal of Br- (i.e., brominated DBP
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intermediates) by AC after pre-chlorination, as halogenated organic compounds have
higher affinity for adsorption than non-halogenated organic compounds (Jung et al., 2001;
Lillo-Ródenas et al., 2005). On the other hand, HAA breakthrough curves showed a
different trend than the THM breakthrough curves. While the volume of water treated
increased as the EBCT was increased, pre-chlorination did not provide any additional
operation time for the activated carbon. For example, EBCT 5, 10, and 15 min reached
75% of breakthrough of HAA9 (i.e., 32 µg/L) for both treatments at 2000, 2000 and 2100
BVs, respectively.
Table 4.6 Bed volumes of selected DBPs (C/C0=0.75) for SR NOM at different EBCTs
DBPs
THM4
Br-THM3
HAA9
HAA5
Br-HAA6

EBCT: 5 min
Without
With
Pre-Cl2
Pre-Cl2
1800
9000
1000
10000
3000
3200
2000

EBCT: 10 min
Without
With
Pre-Cl2
Pre-Cl2
2100
9000
1500
6000
2800
3000
2000

EBCT: 15 min
Without
With
Pre-Cl2
Pre-Cl2
2500
9000
1500
9000
3000
5333
2100

The EBCT behavior was also studied with TSW and the DBP breakthrough curves,
which are presented in Figure B1. The volume of water treated was higher for TSW
compared to SR NOM. For example, EBCT 5, 10, and 15 min reached THM4 breakthrough
(i.e., 52 µg/L) without pre-chlorination at 5000, 7100 and 7300 BVs, respectively. Overall,
THM4 and Br-THM3 formation breakthrough profiles for both treatments were similar to
SR NOM breakthrough curves. Pre-chlorination increased the operation time of the
activated carbon bed up to 2.5 times and the effect was higher for Br-THM3 breakthrough
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profiles (Table 4.7). Moreover, with pre-chlorination only 65% of THM4 and Br-THM3
breakthrough (i.e., 45, and 37 µg/L, respectively) was achieved after 11333 BV for 15 min
EBCT. On the other hand, without pre-chlorination Br-THM3 always reached to 100%
breakthrough (i.e., 57 µg/L), but similar to SR NOM with pre-chlorination it never reached
100% breakthrough. For example, even after 34000 BV of water treated, with prechlorination Br-THM3 reached only 85% of breakthrough (i.e., 85 µg/L) for 5 min EBCT.
The results for the HAA breakthrough profiles showed that increasing EBCT from 5 to 15
min also increased the volume of treated water; however, pre-chlorination did not improve
the adsorption efficiency of HAA precursors.
Table 4.7 Bed volumes of selected DBPs (C/C0=0.75) for TSW at different EBCTs
EBCT: 5 min
DBPs
Without
With
Pre-Cl2
Pre-Cl2
THM4
5000
10000
Br-THM3
4000
10000
HAA9
10500
HAA5
11000
Br-HAA6
10000
NR: Not Reached

EBCT: 10 min
Without
With
Pre-Cl2
Pre-Cl2
7100
12100
5900
12100
NR
NR
15000
NR
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EBCT: 15 min
Without
With
Pre-Cl2
Pre-Cl2
7300
NR
5300
NR
NR
NR
NR

Figure 4.5 THM and HAA breakthrough curves of SR NOM for EBCT: 5 min (a-e), EBCT:
10 min (f-j), and EBCT: 15 min (k-o) under with/without pre-chlorination. Control (C0):
horizontal black dotted lines, without pre-chlorination: solid lines with circles, and with
pre-chlorination: dashed lines with triangles. Experimental conditions: [DOC] = 3 mg/L,
[Br-] = 200 µg/L, pH = 7.5, pre-chlorination = 30 min, EBCT = 5 - 10 - 15 min, chlorination
time = 24 h, adsorbent = HD3000. Error bars represent two measurements of one sample.
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4.3.3. Effect of pH and Ca2+ on adsorption of DBPs precursors
In this study, the effect of pH and Ca2+ (i.e., ionic strength) was evaluated with SR
NOM and TW at 15 min EBCT, since 15 min EBCT extends the breakthrough profiles
compared to 5 and 10 min EBCT. Figure 4.6 shows THM and HAA breakthrough profiles
of SR NOM under different pH (7.5 and 5.5) and Ca2+ concentration (250 mg/L as CaCO3).
With pre-chlorination operational times for THM4 breakthrough profiles were increased
up to 3.7 times for pH 7.5 and pH 5.5; however, pre-chlorination did not provide additional
operational time for the carbon bed with pH 5.5+Ca2+. Although, the BV increase was
similar between pH 7.5 and pH 5.5, with pre-chlorination 11000 BV was achieved at pH
5.5 compared to 9000 BV at pH 7.5 (Table 4.8). The increase can be attributed to pH
change which is an important parameter for the adsorption of OM and halogenated
compounds, because pH influences electrostatic interactions between AC surface and OM
(Armanious et al., 2014; Karanfil and Kilduff, 1999). When pH is less than pHPZC, the
carbon surface has a net positive charge, which enhances the electrostatic forces between
the positively charged carbon surface and DBP intermediates. Moreover, at low pH OM
forms coils (Boguta and Sokołowska, 2020; Myneni et al., 1999; Westerhoff et al., 2001)
which increases the accessibility to deep micropores of AC. Interestingly, at pH 5.5 and
Ca2+, pre-chlorination did not improve the adsorption. Adding Ca2+ background into water,
increased the adsorption of OM without pre-chlorination, and the BVs were increased from
3000 (at pH 5.5) to 12000 (at pH 5.5+Ca2+). Increasing ionic strength (i.e., Ca2+
background) decreases the molecular size of OM by decreasing the repulsion forces which
leads to OM coiling that enhances the adsorption, since this will reduce the size exclusion
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effect (McCreary and Snoeyink, 1980; Randtke and Jepsen, 1982; Semmens et al., 1986).
The positive charge effect occurs at high surface area condition and different studies have
shown the enhancement of adsorption by increasing ionic strength (Bjelopavlic et al., 1999;
Newcombe and Drikas, 1997; Summers and Roberts, 1988; Yuan and Kilduff, 2009).
Furthermore, some studies reported that classic ‘humification model’ of OM might limit
the understanding of OM which mainly focuses solubility. ‘Soil continuum model’ can be
an alternative which focuses decomposition of OM and microbial access (Lehmann and
Kleber, 2015). This new model suggests OM continuously is decomposed by microbial
organisms and forms smaller size molecules. In addition, Sutton and Sposito (2005)
proposed a new view of OM. They reported that humic substances are not large size
molecules, but instead are small size (i.e., low molecular weight) molecules that aggregate
and form large size molecules. Also, they suggested that the molecular size of humic
substances do not change by coiling, but they aggregate under high ionic strength (Sutton
and Sposito, 2005). Understanding molecular structure of OM is still developing, and
providing new evidence can help to improve current concepts of OM.
With pre-chlorination the volume of water treated increased from 11000 (at pH 5.5)
to 12000 BV (at pH 5.5+Ca2+), which can be attributed to smaller size of OM with prechlorination than without pre-chlorination condition. The ionic strength effect was higher
without pre-chlorination, as the molecular size of OM was much larger compared to with
pre-chlorination treatment. With pre-chlorination the BV increased six and five times at
pH 7.5 and pH 5.5 for Br-THM3, respectively (Table 4.8). Although, no improvement was
observed for THM4, after 7500 BV the pre-chlorination breakthrough curve showed a
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different trend by separating from the curve without pre-chlorination. The change can be
attributed to blockage of carbon pores caused less DBP precursor adsorption and lead
higher formations of Br-THM3 without pre-chlorination. Moreover, Br-THM3 reached
100% of breakthrough (i.e., 54 µg/L) for pH 7.5 and 5.5 and the increase on operational
time was higher for Br-THM3 compared to THM4 breakthrough.
Furthermore, HAA breakthrough profiles showed different trends than THM
breakthrough profiles. HAA9, HAA5, and Br-HAA6 breakthrough curves for both
treatments were overlapped, and pre-chlorination did not show any improvement at pH 7.5.
However, the volume of water treated increased 2.2 times for Br-HAA6, which was also
observed for HAA9, since Br-HAA6 is a subset of HAA9. On the other hand, a different
trend was observed for HAA9 and HAA5 breakthrough profiles at pH 5.5+Ca2+, but not
Br-HAA6. For example, the adsorption performance for HAA9 was 1.4 times better
without pre-chlorination than with pre-chlorination (Table 4.8). This improvement in
adsorption performance can be attributed to background Ca2+ causing the coiling effect on
HAA precursors which improved the adsorption. However, with pre-chlorination this
improvement was not observed to the same extent, because pre-chlorination forms lower
molecular weight molecules, and OM coiling effect is much higher with high molecular
weight molecules than low molecular weight molecules (Karanfil et al., 1999; McCreary
and Snoeyink, 1980; Randtke and Jepsen, 1982).
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Table 4.8 Bed volumes of selected DBPs (C/C0=0.75) for SR NOM with different water
chemistries
pH 7.5
DBPs
Without
With
Pre-Cl2
Pre-Cl2
THM4
2500
9000
Br-THM3
1500
9000
HAA9
3000
HAA5
5333
Br-HAA6
2100
NR: Not Reached

pH 5.5
Without
With
Pre-Cl2
Pre-Cl2
3000
11000
2000
10000
4500
5500
5500
2500
5500

pH 5.5+Ca2+
Without
With
Pre-Cl2
Pre-Cl2
12000
8000
NR
11500
8000
12000
8000
8000

The pH and Ca2+ effect was also studied with TSW and DBP breakthrough curves
that are shown in Figure B2. Since TSW had less hydrophobic characteristics, the volume
of water treated was higher than SR NOM. While pre-chlorination improved the adsorption
for THM4 and THM3 at pH 7.5, the pre-chlorination effect was much less at pH 5.5, and
pH 5.5+Ca2+ (Table 4.9). Overall, the OM coiling effect for both treatments was similar
for TSW. As discussed earlier, low pH and the presence of Ca2+ background cause the
coiling effect for OM; however, the effectiveness of OM coiling also depends on molecular
size, and weight. High molecular size OM has more negatively charged functional groups,
which causes more repulsion and expansion of the OM compared to low molecular size
OM (Randtke and Jepsen, 1982; Semmens et al., 1986). Since TSW had much smaller
molecular size components, and less hydrophobic character than the SR NOM, the coiling
effect was not as clear (Cameron et al., 1972; Ghosh and Schnitzer, 1980). Although the
two treatment breakthrough profiles overlapped at pH 7.5, there was a slight adsorption
improvement for HAA9 and Br-HAA6 at pH 5.5, and pH 5.5+Ca2+ (Figure B2.)
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Table 4.9 Bed volumes of selected DBPs (C/C0=0.75) for TSW with different water
chemistries
pH 7.5
DBPs
Without
With
Pre-Cl2
Pre-Cl2
THM4
7300
NR
Br-THM3
5300
NR
HAA9
NR
HAA5
NR
Br-HAA6
NR
NR: Not Reached

pH 5.5
Without
With
Pre-Cl2
Pre-Cl2
NR
NR
11000
NR
NR
NR
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pH 5.5+Ca2+
Without
With
Pre-Cl2
Pre-Cl2
NR
NR
12000
NR
NR
9900
NR

Figure 4.6 THM and HAA breakthrough curves of SR NOM for pH: 7.5 (a-e), pH: 5.5 (fj), and pH: 5.5+Ca2+: 250 mg/L as CaCO3 (k-o) under with/without pre-chlorination.
Control (C0): horizontal black dotted lines, without pre-chlorination: solid lines with
circles, and with pre-chlorination: dashed lines with triangles. Experimental conditions:
[DOC] = 3 mg/L, [Br-] = 200 µg/L, pre-chlorination = 30 min, EBCT = 15 min, chlorination
time = 24 h, adsorbent = HD3000. Error bars represent two measurements of one sample.
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4.3.4. TOX and Cytotoxicity
In addition to investigating the pH and Ca2+ background effect on adsorption, the
TOX and cytotoxicity of both SR NOM and TSW were measured at 15 min EBCT. The
TOX measurement gives a broader vision to better understand the effects on both known
and unknown halogenated organic compounds. The calculated cytotoxicity index value is
an important factor to understand the effectiveness of the treatment in terms of human
health.
TOCl and TOBr formations are presented in Figure 4.7 for SR NOM. TOCl
formation was 5.6 μM for the control sample, and the same BVs were achieved without
and with pre-chlorination (Table 4.10). The reason for lower BVs for pH 5.5+Ca2+
compared to pH 5.5 was the addition of CaCl2 salt that was used to supply Ca2+ background,
which interfered with the TOCl measurements. However, CaCl2 did not impact the overall
trend, as both treatments had the same Ca2+ background. Furthermore, TOBr formation for
the control sample was 1.7 μM. The treatment without pre-chlorination reached 75% of
breakthroughs (i.e., 1.3 µM) at 1800, 2100, and 10000 BV, for pH 7.5, pH 5.5, and pH
5.5+Ca2+, respectively (Table 4.10). While the treatment with pre-chlorination at pH 7.5
reached 75% breakthrough at 4000 BV; at pH 5.5 and pH 5.5+Ca2+ the same treatment
reached only 65% and 50% of breakthroughs, respectively. Pre-chlorination was effective
in reducing TOBr formation with the highest effect observed at pH 5.5 condition was for
SR NOM because of longer large-scale operational times. Furthermore, the calculated
cytotoxicity index value for control sample of SR NOM was 0.8 (Figure 4.8). The volume
of water treated for pH 7.5 pH 5.5, and pH 5.5+Ca2+ increased 2.6, 5.2 and 3.7 times with
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pre-chlorination, respectively. Since most of the Br-DBPs have higher cytotoxicity than
Cl-DBPs, cytotoxicity index values followed the TOBr trend.
Table 4.10 Bed volumes of TOX & Cytotoxicity (C/C0=0.75) for SR NOM at different
water chemistries
pH 7.5
DBPs
Without
With
Pre-Cl2 Pre-Cl2
TOCl
4700
TOBr
1800
4000
Cytotoxicity
1900
5000
NR: Not Reached

pH 5.5
Without
With
Pre-Cl2 Pre-Cl2
8100
2100
NR
1800
9400

pH 5.5+Ca2+
Without
With
Pre-Cl2 Pre-Cl2
6400
10000
NR
3000
11000

TOCl and TOBr formation results are shown in Figure B3 for TSW. TOCl and
TOBr formations were 3.9 and 1.9 μM, respectively. TOBr formation was slightly higher
for TSW than SR NOM, because of higher bromination efficiency. Pre-chlorination also
did not show an impact on TOCl formations, and similar BVs were achieved for both
treatments for TSW. On the other hand, pre-chlorination reduced TOBr formations and
improved the bed operation time for TSW. While pre-chlorination improved the operation
time 2.7 times at pH 7.5, the improvement was 1.4 times at pH 5.5; however, with lower
pH much higher BVs were achieved compared to higher pH (Table 4.11). Moreover, TOBr
breakthrough with pre-chlorination for pH 5.5+Ca2+ reached only 60% of breakthrough
even after 12888 BV. In general pre-chlorination was effective in reducing overall TOBr
formation which further supports that the pre-chlorination effectiveness on adsorption is
higher for Br-DBP precursors than Cl-DBP precursors.
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Figure B4 represents the cytotoxicity index value for TSW. The control sample was
measured as 1.6 which was two times higher than SR NOM; as mentioned before
cytotoxicity contribution of Br-DBPs are much higher than Cl-DBPs. Without prechlorination 75% of breakthrough of cytotoxicity index values (i.e., 1.2) were 6000, 7750,
9500 BVs for pH 7.5, pH 5.5, and pH 5.5+Ca2+, respectively (Table 4.11). On the other
hand, only the test at pH 7.5 reached breakthrough at 10000 BV with pre-chlorination, and
pH 5.5, and pH 5.5+Ca2+ reached only 60% and 50% of breakthrough, respectively. BrDBPs have higher cytotoxicity and genotoxicity compared to Cl-DBPs (Richardson et al.,
2007), and pre-chlorination significantly improved the volume of water treated and
operation time of large-scale filter bed.
Table 4.11 Bed volumes of TOX & Cytotoxicity (C/C0=0.75) for TSW at different water
chemistries
pH 7.5
DBPs
Without
With
Pre-Cl2 Pre-Cl2
TOCl
NR
TOBr
3000
8000
Cytotoxicity
6000
10000
NR: Not Reached

pH 5.5
Without
With
Pre-Cl2 Pre-Cl2
NR
7750
11000
7750
NR
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pH 5.5+Ca2+
Without
With
Pre-Cl2 Pre-Cl2
5000
8000
NR
9500
NR

Figure 4.7 TOX breakthrough curves of SR NOM for pH: 7.5 (a-b), pH: 5.5 (c-d), and pH: 5.5+Ca2+: 250 mg/L as CaCO3 (e-f)
under with/without pre-chlorination. Control (C0): horizontal black dotted lines, without pre-chlorination: solid lines with circles,
and with pre-chlorination: dashed lines with triangles. Experimental conditions: [DOC] = 3 mg/L, [Br-] = 200 µg/L, prechlorination = 30 min, EBCT = 15 min, chlorination time = 24 h, adsorbent = HD3000.
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Figure 4.8 Calculated Cytotoxicity Index Value breakthrough curves of SR NOM for pH: 7.5 (a), pH: 5.5 (b), and pH: 5.5+Ca2+:
250 mg/L as CaCO3 (c) under with/without pre-chlorination. Control (C0): horizontal black dotted lines, without pre-chlorination:
solid lines with circles, and with pre-chlorination: dashed lines with triangles. Experimental conditions: [DOC] = 3 mg/L, [Br-]
= 200 µg/L, pre-chlorination = 30 min, EBCT = 15 min, chlorination time = 24 h, adsorbent = HD3000.
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4.3.5. Carbon Usage Rate
Carbon usage rate is common way to quantify the AC performance in water
treatment plant scenarios. It is calculated by the mass of AC divided by volume of treated
water (g/m3) in order to calculate treatment objectives required to be selected. Figure 4.9
shows carbon usage rates for SR NOM at 15 min EBCT and treatment objectives of
regulated THM4: 60 μg/L, regulated HAA5: 30 μg/L and HAA9: 40 μg/L were selected.
Without pre-chlorination, the carbon usage rates for THM4 at pH 7.5, pH 5.5, and pH
5.5+Ca2+ were 189, 76, and 37 g/m3, respectively. With pre-chlorination carbon usage rates
for all three conditions were below 47 g/m3. Pre-chlorination showed the highest effect for
pH 7.5, as the carbon usage rate was very high at 7.5. Instantaneous breakthrough occurred
for the scenario without pre-chlorination. The high molecular size of SR NOM blocked the
AC micropores and prevented further adsorption, which was avoided by pre-chlorination,
as it caused the formation of smaller size OM. On the other hand, carbon usage rates of
regulated HAA5 and HAA9 were similar without pre-chlorination and with prechlorination under all conditions. The lack of any difference can be attributed to similar
HAA5 and HAA9 breakthrough profiles of both treatments that was discussed previously
(Section 4.3.3).
Moreover, carbon usage rates were also calculated for TSW (Figure 4.10). THM4
carbon usage rates were 76, 38, and 38 g/m3 for treatments without pre-chlorination at pH
7.5, pH 5.5, and pH 5.5+Ca2+, respectively. With pre-chlorination carbon usage rates for
all three conditions were below 42 g/m3. Similar to SR NOM while regulated THM4
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benefitted most from pre-chlorination, carbon usage rates for treatment scenarios
considering regulated HAA5 and HAA9 were similar under all conditions tested.

Figure 4.9 Carbon Usage Rate of SR NOM for THM4 (a), HAA5 (b), and HAA9 (c) under
with/without pre-chlorination. Treatment objectives for THM4: 60 µg/L, HAA5: 30 µg/L
HAA9: 40 µg/L. Experimental conditions: [DOC] = 3 mg/L, [Br-] = 200 µg/L, prechlorination = 30 min, EBCT = 15 min, chlorination time = 24 h, adsorbent = HD3000.
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Figure 4.10 Carbon Usage Rate of TSW for THM4 (a), HAA5 (b), and HAA9 (c) under
with/without pre-chlorination. Treatment objectives for THM4: 40 µg/L, HAA5: 15 µg/L
HAA9: 30 µg/L. Experimental conditions: [DOC] = 3 mg/L, [Br-] = 200 µg/L, prechlorination = 30 min, EBCT = 15 min, chlorination time = 24 h, adsorbent = HD3000.
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4.4.

Conclusions
This study investigated the effectiveness of pre-chlorination under different water

chemistries for DBP control using RSSCTs. The most effective impact of pre-chlorination,
thus lower carbon utilization rate, was observed for THM at pH 7.5 condition and the
impact was greater in the high SUVA254 than low SUVA254 water. Pre-chlorination did not
make a notable difference for HAA control in both waters. The positive impact of prechlorination decreased with decreasing pH to 5.5 while increasing calcium at pH 5.5 did
not bring additional benefit. Coiling of NOM due to the calcium addition, which increased
its hydrophobicity, appeared to be more important role in the adsorptive removal of DBP
precursors by GAC than the pre-chlorination effect. While increasing EBCT, increased the
operational time of AC filters, the highest pre-chlorination impact was observed with 5 min
EBCT since immediate breakthrough profiles were observed without pre-chlorination. The
TOBr formation and calculated cytotoxicity index values were also lowest at pH 5.5 than
pH 7.5 and pH 5.5+Ca2+ with pre-chlorination.
These findings suggest that water utilities, to maximize DBP control with GAC
adsorption, can maintain low pH for both coagulation and subsequent GAC (e.g., pH 5.5);
however, adding pre-chlorination before GAC at this condition will not provide additional
benefits. Alternatively, if they opt to operate at a higher pH, they may add pre-chlorination
prior to GAC. In both cases, the most benefit will be for THM control but not for HAAs.
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CHAPTER FIVE
PHOTODEGRADATION OF ORGANIC HALOGENATED DISINFECTION BYPRODUCTS: DECOMPOSITION AND REFORMATION

5.1.

Introduction
Ultraviolet (UV) disinfection effectively inactivates pathogens at the wavelength

range of 200 to 315 nm (Pirnie et al., 2006). Water treatment plants implement UV
disinfection based on their source water quality and effluent requirements. Although UV
light has an advantage on inactivating chlorine resistant waterborne pathogens such as
Cryptosporidium and Giardia (Adeyemo et al., 2019; Clancy et al., 2000), it cannot provide
residual disinfectant for the distribution system to maintain the water quality and safety to
consumers. As a result, post-disinfection is needed to provide a residual in distribution
systems (Ye et al., 2021). According to United States Environmental Protection Agency
(USEPA), water treatment plants should apply at least 40 mJ/cm2 UV dose, and drinking
water treatment plants in US typically apply up to 140 mJ/cm2 (Pirnie et al., 2006).
The formation of disinfection by-products (DBPs) is an unintended consequence of
most of the disinfectants. Although formation of several hundred DBPs has been reported
in drinking waters (Kimura et al., 2019), USEPA currently regulates 11 DBPs (i.e., TCM,
DCBM, DBCM, TBM, MCAA, MBAA, DCAA, DBAA, TCAA, BrO3-, and ClO2-)).
However, more DBPs may be regulated in the near future since USEPA’s “Fourth
Unregulated Contaminant Monitoring Rule” monitoring includes brominated haloacetic

91

acids (HAAs) (USEPA, 2016). Moreover, USEPA’s “Draft Contaminant Candidate List
5” includes 23 different unregulated DBPs including iodinated trihalomethanes (I-THMs)
(USEPA, 2021). Bromine (Br-) and iodine (I-) are not toxic to human health, but they are
the precursors for the formation of Br-DBPs and I-DBPs. Studies have shown that these
groups of DBPs are much more cytotoxic and genotoxic than chlorinated analogs (Plewa
et al., 2017; Richardson et al., 2007). Therefore, there is an increasing concern and attention
on the formation and control of both brominated DBPs (Br-DBPs) and iodinated DBPs (IDBPs) in drinking waters.
Previous studies have reported that DBPs can be photodegraded by UV light by
mainly a dehalogenation mechanism (Wang et al., 2020b, 2017). UV 254 nm irradiation
provides 472 kJ/mol of energy which can be enough to break bonds between carbonbromine and carbon-iodine (280 and 209 kJ/mol, respectively), while carbon-chlorine
bonds requires much higher energy (397 kJ/mol) (Jones and Carpenter, 2005; Weast, 1986;
Xiao et al., 2014), so Br-DBPs are easier to remove than Cl-DBPs by UV 254 irradiation
(Fang et al., 2013; Lei et al., 2021; Wang et al., 2020a, 2020c; Xiao et al., 2014). Moreover,
UV 254 nm energy might help to reduce the concentrations of total organic bromine
(TOBr) and total organic iodine (TOI), which are the indicators of total Br-DBPs and IDBPs, respectively, in water. According to Jo et al. (2011), 250 mJ/cm2 UV dose removed
50% of tribromomethane (TBM) and 90% of tribromoacetic acid (TBAA), whereas the
removals of trichloromethane (TCM) and trichloroacetic acid (TCAA) for the same UV
dose were less than 10%. Kiattisaksiri et al. (2016) studied photodegradation of four
different haloacetonitriles (HANs) and found that dibromoacetonitrile (DBAN), and
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dichloroacetonitrile (DCAN) were removed by 50% and 5%, respectively, by applying a
dose of 440 mJ/cm2.
While UV treatment removes DBPs, it can also convert water disinfectants (e.g.,
chlorine, monochloramine) into by-products (James, 2009). Since UV treatment
breakdowns chlorine (i.e., dechlorination), an extra disinfectant addition might be needed
to have enough residual disinfectant until water reaches the end users of water distribution.
Current literature shows removal of selected DBPs by UV treatment; however, it does not
represent the real water treatment applications, as the formation of DBPs are not
instantaneous, and requires time. UV treatment can be applied in the middle of water
distribution systems, but utilities must ensure residual disinfectant after UV treatment.
However, this application might have shortcomings, as it can cause reformation of
photodegraded DBPs in the rest of distribution systems. Although there are some
photodegradation studies for individual DBPs, there is no comprehensive studies of total
organic halide (TOX) that includes 70% of unknown DBPs (Krasner et al., 2006).
However, the systematic investigation of TOBr and TOI photodegradation as well as
reformation of DBPs after UV disinfection followed by post disinfection is still missing.
Thus, it is not clear that UV disinfection is sufficient to remove DBPs and TOX in
distribution systems.
Given increasing attention to the formation and control of Br-DBPs and I-DBPs, in
distribution systems, the objectives of this study were to investigate i) the photodegradation
kinetics of 26 different DBPs; ii) the effects of organic matter (OM), pH, dissolved organic
carbon (DOC) and Br- concentration on photodegradation of Br-DBPs and I-DBPs under
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practical water treatment conditions; iii) the photodegradation of known and unknown
TOBr and TOI; and iv) the effects of post chlorination and monochloramination on DBP
formation.
5.2.

Material and methods

5.2.1. Chemicals and reagents
The standards and chemicals used in all experiments were reagent grade. EPA
501/601 Trihalomethanes Calibration Mix (Supelco) with a concentration of 2000 µg/L
was used for four species of THM calibrations. Diiodobromomethane (DIBM),
bromochloroiodomethane (BCIM), diiodochloromethane (DICM), dibromoiodomethane
(DBIM), dichloroiodomethane (DCIM) neat stocks were purchased from CanSyn Chem.
Corp., and triiodomethane (TIM) standard (99%) was purchased from Millipore Sigma,
and they were used for six species of I-THM calibrations. EPA 551B Halogenated Volatiles
Mix (Supelco) with a concentration of 2000 µg/L and chloroacetonitrile (CAN) Standard
(99%) and bromoacetonitrile (BAN) (97%) and iodoacetonitrile (IAN) (98%) standards
were purchased from Millipore Sigma, and they were used for seven species of HAN
calibrations. HCM551B1 Disinfection Byproducts Mixture (Ultra Scientific) with a
concentration of 5000 µg/L was used for nine species of HAA calibrations. GR ACS
sodium chloride crystals (Millipore) and ultra resi-analyzed ACS Reagent sodium sulfate,
anhydrous granular (J.T. Baker) salts were used for the salting out process for THM, HAN
and HAA extractions. ACS L-ascorbic acid, free acid (VWR) was used to quench residual
free chlorine in samples. Sodium hypochlorite (5%) solution (J.T. Baker) was used to
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chlorinate samples. The detection limits for each measured parameter are given in Table
A1.
5.2.2.

Tested water samples and experimental conditions
Two different types of waters were used in this study. A treated surface water

(TSW) was collected from a water treatment plant in South Carolina, USA, and a raw
surface water (RSW) was collected from another water treatment plant intake in South
Carolina, USA. Both TSW and RSW had a low SUVA254 value of 2.0 L/mg·m and 1.7
L/mg·m, respectively. Two low SUVA254 waters were selected to test the potential
application of UV treatment in distribution systems. After conventional water treatment
(i.e., coagulation, flocculation), treated waters usually have low SUVA254 values, since
most of the hydrophobic compounds removed during conventional water treatment
processes. Both waters were concentrated using a reverse osmosis (RO) system to increase
organic matter concentration to 2 mg/L as DOC. After the RO process, inductively coupled
plasma spectroscopy measurements of nine different elements (i.e., K, Ca, Fe, Mn, Cu, Zn,
P, Mg, Na) showed that 80% recovery was obtained in the concentrate. Br- concentrations
of waters were adjusted to 200 µg/L and 800 µg/L by additional spiking. Two different pH
conditions (7.5 and 9) were adjusted with 5 mM phosphate buffer. The characteristic of
both waters used in the experiments are shown at Table 5.1.
Kinetic experiments were conducted with Milli-Q water (18 MΩ.cm, Millipore)
and TSW, and studied DBPs mixture were spiked to achieve 50 µg/L for each species.
Table 5.1 Summary of water quality characteristics of waters used in this study.
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Water

DOC
(mg/L)

DN
(mg/L)

SUVA254
(L/mg·m)

Cl(mg/L)

Br(μg/L)

I(μg/L)

TSW

2.0

0.1

2.0

6.8

30

MRL

RSW

2.0

0.4

1.7

3.0

15

MRL

MRL: Minimum Reporting Level
5.2.3. UV experiments
Photodegradation experiments were conducted in a 500 mL borosilicate glass
jacketed beaker, and temperature was controlled by passing cold water through the jacket
during experiments. A Philips 21064-1 TUV PL-L 18W/4P LP UV lamp was used as the
UV source. Iodide/iodate actinometer was used to measure UV intensity as 4540 µW/cm2
(Liu et al., 2009; Rahn et al., 2006). Before photodegradation experiments, the UV lamp
was warmed up for 1 hour. During photodegradation experiments, the UV lamp was placed
in the middle of a beaker, and samples were continuously mixed with a magnetic stirrer
under dark condition. The UV lamp was turned on for a certain amount of time to achieve
each UV doses (i.e., 0, 50, 100, 150, 250, 500, 750, 1000 mJ/cm2). Each UV dose was
applied in duplicate, and samples were collected for further experiments.
5.2.4. Uniform formation conditions
The formation of DBPs from TSW and RSW was performed under uniform
formation conditions (UFC), which was used to mimic the formation of DBPs in
distribution systems. The pH of samples was adjusted to desired values with 5 mM
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phosphate buffer, and oxidant was added from a stock solution. The tested waters had the
same residual HOCl after chlorination time (Summers et al., 1996). Based on chlorine
demand tests, samples were chlorinated for 24 hours and monochloraminated for 72 hours.
Residual chlorine and monochloramine was measured with the N,N-diethyl-pphenylenediamine (DPD) method using a Varian UV-Vis spectrophotometer at 515 nm
wavelength. Residual free chlorine and monochloramine were ~1 mg/L and 2 mg/L as Cl2,
respectively.
To simulate post chlorination and post monochloramination scenarios, 1 mg/L
additional disinfectant was added to the samples after the selected UV treatment and
allowed for additional reaction time of 24 hours for chlorination and 72 hours for
monochloramination. After these post oxidations, residual free chlorine and
monochloramine were close to 1 mg/L and 2 mg/L as Cl2, respectively. Residual oxidants
were quenched with ascorbic acid (1:1 molar ratio) for further experiments.
5.2.5. DBP and TOX analysis
DBPs Analysis
Quenched samples were used to extract THM, HAN and HAA. For THM and HAN
extraction, 40 mL sample were transferred to an extraction vial then 3 mL methyl tert-butyl
ether (MtBE) and 10 g of Na2SO4 were added into the 40 mL sample. Then the extraction
vials were vigorously shaken for 30 minutes and the top MtBE phase was transferred into
1.5 mL gas chromatography (GC) vials and analyzed on an Agilent 6890 GC equipped
with an electron capture detector (ECD). For HAA extraction, 40 mL sample were
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transferred to an extraction vial. Then samples were acidified with 1 mL sulfuric acid
(pH<2) and 8 g of NaCl added, followed by an addition of 4 mL MtBE into solution and
vigorously shaken for 30 minutes. After salting out, 3 mL of MtBE was transferred into
another vial and 1 mL 10% acidic methanol was added. Next, samples were put into a 50
o

C water bath for 2 hours. After the water bath, 4 mL saturated NaHCO3 was added to

neutralize the sample. The top MtBE phase was transferred into 1.5 mL gas
chromatography (GC) vials. All extracted samples were analyzed on an Agilent 6890 GC
equipped with an electron capture detector (ECD) and Agilent J&W DB-1 non-polar
capillary column.
Total Organic Halide (TOX) Analysis
After the UFC test, a 40 mL quenched sample was acidified with 1 mL 98% ACS
Plus grade sulfuric acid. The sample passed through two Analytik Jena microcolumn
activated carbons by using Analytik Jena APU sim unit. Then microcolumns were washed
with 10 mL 6.85 g/L sodium nitrate solution to remove inorganic halides. Both columns
were transferred to Analytik Jena MULTIX 2500 furnace and burned at 950 oC for 20 min.
Off-gas was collected into 20 mL of TOX water, and collected samples analyzed by a
Dionex ICS-2100 ion chromatography system to measure Cl-, Br-, and I- concentrations.
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5.3.

Results and discussion

5.3.1. Photodegradation kinetics of DBPs
The photodegradation kinetics of 26 individual DBPs were initially investigated in
DDI. Figure 5.1 shows the linear first order plots of individual DBPs and Table 5.2
summarizes the first order photodegradation rate constants, regression coefficient, and
removal percentages at 1000 mJ/cm2. Among the tested DBPs, the removal of chlorinated
DBPs (i.e., TCM, CAN, TCAN, DCAN, MCAA, DCAA, and TCAA) was less than 5%
even at the highest UV dose (1000 mJ/cm2) and did not follow first order photodegradation
kinetics. These seven DBPs contain only chlorine as the halogen atom, and the C-Cl bond
has a low molar extinction coefficient which means that these compounds do not absorb
UV254 light as much as Br-DBPs and I-DBPs (Jo et al., 2011; Xiao et al., 2014).
Furthermore, the C-Cl bond (i.e., 397 kJ/mol) requires much higher energy to break
compared to C-Br or C-I bond (i.e., 280 and 209 kJ/mol, respectively) (Jones and
Carpenter, 2005; Weast, 1986; Xiao et al., 2014).
The first order photodegradation rate constants for THMs followed the order of
DBIM ~ DIBM ~ TIM > DICM > TBM > BCIM > DBCM > DCIM > DCBM, which
agreed with the literature (Xiao et al., 2014). Photodegradation kinetics of HAAs followed
a similar trend to THMs. The order from highest to lowest was TBAA > DBCAA > DBAA
~ BDCAA > BCAA > MBAA. Overall, when the number of I- and Br- atoms increased,
the photodegradation rate constant also increased for all three DBP groups (Table 5.2). On
the other hand, removal percentages of HANs and photodegradation rates by UV254 were
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very low compared to both THMs and HAAs. The photodegradation rate constants
followed DBAN > BCAN > IAN > BAN. The molecular structure of HAN contains both
C-X and C-N bonds and the corresponding cleavage of C-X is not easy with UV254.
Previous studies showed that HAN photodegradation was low with only UV compared to
vacuum UV (VUV), since VUV generates ·OH radicals which have higher oxidation
potential that can help to degrade HANs (Kiattisaksiri et al., 2016).
The concentrations of released Cl-, Br- and I- were measured after each UV dose,
and each DBPs were converted to TOCl (as Cl-), TOBr (as Br-), and TOI (as I-) (Figure
5.1d-f). The mass balances of Cl-, Br- and I- were calculated which remained within 8% for
each halogen species before and after UV treatment. The released Cl- ion and change in
TOCl concentration were small, which was consistent with the bond strength and higher
energy demand for breaking the C-Cl bond. On the other hand, 60% and 75% of initial
bromine and iodine atoms in DBPs were released into DDI after 1000 mJ/cm2 UV dose.
These mass balances of halogen atoms demonstrate that the main photodegradation
mechanism of 26 DBP mixture was dehalogenation, and photodegradation efficiency of
DBPs followed the order of I-DBP > Br-DBPs > Cl-DBPs.
Similar photodegradation experiments were also conducted in the presence of 2
mg/L background DOC with TSW, and the results were similar to those obtained in DDI
(See in Table C1). First order rate constants with TSW decreased by up to 25%, and the
removal percentages at 1000 mJ/cm2 UV dose decreased by ≤ 5% for the most UV light
sensitive (>90% removal) compounds such as DBIM, TIM, DBCAA, TBAA etc. The
results shows that the effect of typical NOM components in distribution systems (i.e., low
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SUVA254) on photodegradation of DBPs were minimal which was in agreement with the
low UV absorbing nature of the NOM components in water.
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Figure 5.1 First order photodegradation kinetics of (a) THMs (b) HAAs (c) HANs and
mass balance of (d) Cl- & TOCl (e) Br- & TOBr (f) I- & TOI in DDI. Experimental
conditions: each DBP C0 = 50 µg/L, pH = 7.5, UV dose = 0 to 1000 mJ/cm2
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Table 5.2 Summary of the first order photodegradation rate constant, regression coefficient,
and removal percentages of 26 different DBPs in DDI.

Haloacetonitriles
(HANs)

Haloaceticacids
(HAAs)

Trihalomethanes
(THMs)

DBP Group

NC*: Not calculated

Compound
TCM
DCBM
DBCM
TBM
DCIM
BCIM
DBIM
DICM
DIBM
TIM
MCAA
MBAA
DCAA
BCAA
TCAA
DBAA
BDCAA
DBCAA
TBAA
CAN
TCAN
DCAN
BAN
BCAN
DBAN
IAN

k
(1/sec)
NC*
8.00E-04
4.40E-03
1.04E-02
2.20E-03
7.80E-03
2.10E-02
1.22E-02
1.90E-02
1.87E-02
NC*
1.30E-03
NC*
2.20E-03
NC*
4.30E-03
4.30E-03
1.04E-02
2.10E-02
NC*
NC*
NC*
3.00E-04
1.20E-03
6.80E-03
9.00E-04
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R2
NC*
0.975
0.999
0.999
0.991
0.998
0.999
0.999
0.999
0.999
NC*
0.985
NC*
0.994
NC*
0.999
0.999
0.999
0.999
NC*
NC*
NC*
0.851
0.991
0.999
0.978

Removal %
at 1000 mJ/cm2
3.6
16.2
61.4
89.4
35.5
81.3
98.9
92.6
98.3
98.1
1.8
23.4
4.4
37.6
3.3
60.7
59.9
89.6
99.0
1.1
0.6
1.4
5.8
23.0
76.6
17.7

5.3.2.

Formation and photodegradation of DBPs
After photodegradation kinetics of DBPs with DDI and TSW, the formation and

photodegradation of DBPs were investigated with natural waters. In order to examine the
formation of DBPs in distribution systems, two different low SUVA254 waters (i.e., TSW,
and RSW) were chlorinated in the presence of 200 µg/L Br- under UFC conditions.Three
UV doses were selected (50, 150, and 500 mJ/cm2) based on the USEPA minimum UV
dose recommendation, drinking water treatment plant applications, and moderately high
UV dose (i.e., based on Chapter 5.3.1 results), respectively (Baeza and Knappe, 2011;
Pirnie et al., 2006; Xiao et al., 2014). Figure 5.2 shows the concentrations of THM, HAA
and TOX before and after UV photodegradation for both waters.
THM speciation was similar for both waters, which was consistent with their
comparable SUVA254 values (Erdem et al., 2020). First two UV doses (50 and 150 mJ/cm2)
degraded around 10% of each THM species (Figure 5.2a) and increasing the UV dose to
500 mJ/cm2 did not change the photodegradation of TCM and DCBM. However, the
photodegradation of DBCM increased to 30% for both TSW and RSW, and TBM increased
to 30% and 57% for TSW and RSW, respectively. These photodegradation patterns were
consistent with the less energy requirement to break C-Br bonds compared to C-Cl bonds
(Jo et al., 2011; McGivern et al., 1999; Weast, 1986).
The trends for HAAs were similar to those with THMs at the lowest UV dose (50
mJ/cm2), where the photodegradation of HAA species with two bromide atoms (e.g.,
TBAA and DBAA) was about 10% and the removals of other species were less than 5%.
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Increasing the UV dose to 500 mJ/cm2 increased the photodegradation of brominated
HAAs up to 88% for both TSW and RSW. As the number of halogen atoms increased, the
photodegradation effect also increased indicating dehalogenation as the main mechanism
for the decreased HAA levels (Wang et al., 2017). As the UV dose increased, increases in
MBAA concentration were observed for both TSW and RSW, which was attributed to
sequential dehalogenation of TBAA and DBAA. Moreover, the removal of chlorinated
HAAs (i.e., MCAA, DCAA, and TCAA) was less than 5% for all UV doses. Lastly, the
total formation of HANs was less than 6 µg/L for both waters. After UV photodegradation,
HAN concentration did not change (Figure C1).
TOX trends did not follow the THM and HAA photodegradation trends. The TOX
formations for TSW and RSW were 3.6 µM and 2.9 µM, respectively. More than 65% and
52% of the TOX consisted of TOCl for TSW (i.e., 2.35 µM) and RSW (i.e., 1.5 µM),
respectively. Applying the 50 and 150 mJ/cm2 UV dose removed less than 10% of the
known TOCl and TOBr for both waters, increasing UV doses to 500 mJ/cm2 increased the
removals of known TOBr of TSW and RSW to 27% and 33%, respectively. While overall
formation of TOX for TSW did not change, TOX formation was decreased up to 15% for
RSW at 500 mJ/cm2.
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Figure 5.2 Formation and photodegradation of (a) TSW THMs (b) TSW HAAs (c) TSW
TOX (d) RSW THMs (e) RSW HAAs (f) RSW TOX. Experimental conditions: DOC = 2
mg/L, Br- = 200 µg/L, pH = 7.5, chlorination time = 24 h, UV Dose = 0-50-150-500
mJ/cm2. Error bars represent the standard deviation (n=2).
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5.3.3.

Effect of Br-, pH and DOC on photodegradation of DBPs
The initial Br- concentration, pH and DOC are important factors that can impact the

formation and the speciation of DBPs. TSW was selected to test two different Brconcentrations (200 and 800 µg/L), pH conditions (7.5 and 9) and DOC concentrations (2
and 6 mg/L). Figure 5.3 shows the THM, HAA and TOX formation before and after UV
photodegradation.
When Br- concentration increased from 200 to 800 µg/L, THM speciation shifted
towards brominated THMs, and the overall THM formation increased from 76 to 134 µg/L
(Figure 5.3a&d). The photodegradation remained around 10% for all THM species at 50
and 150 mJ/cm2 for both Br- concentrations. However, when the 500 mJ/cm2 UV dose was
applied, the removals increased from 10% to 18% for DCBM, 30% to 33% for DBCM and
30% to 40% for TBM for 800 µg/L Br- concentrations. Although the total HAA
concentrations also increased similar to the results for THMs (i.e., 50, and 70 µg/L,
respectively), the photodegradation removals did not follow this trend. For example,
DBCAA removal was 67% and 65% for 200 and 800 µg/L Br- concentrations, respectively.
HAN formation increased from 5 to 8 µg/L with increasing Br- level, and DBAN removal
was 30% and 27% for 200 and 800 µg/L Br- concentrations, respectively. The overall HAN
photodegradation trend did not change by increasing Br- concentration (Figure C2). When
Br- concentrations were increased to 200 µg/L and 800 µg/L (Figure 5.3c and f), the
speciation of TOX shifted significantly towards brominated species and TOBr content
increased from 35% to 70% of TOX. Increasing Br- concentration decreased the formation
of TOCl from 2.4 to 1.3 µM and increased the formation of TOBr from 1.3 to 2.9 µM.
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Furthermore, increasing Br- concentration increased the known TOBr removal only to 150
and 500 mJ/cm2 from 9 to 23%, and 27 to 38%, respectively. TOCl formations under 200
and 800 µg/L Br- concentrations, remained the same between control and each UV dose
(i.e., 50, 150, and 500 mJ/cm2). While TOX formation did not change for 200 µg/L Brconcentration, it decreased by 30% for 800 µg/L Br- concentration at 500 mJ/cm2 UV dose.
Under 800 µg/L Br- concentration, the formation of TOBr was increased, and since TOBr
is more susceptible to UV254, higher degradation percentages were achieved.
The effect of pH on the formation and photodegradation of DBPs was studied at
800 µg/L Br- for pH values of 7.5 and 9, which covers the pH range of distribution systems.
As the pH increased from 7.5 to 9, the formation of THMs increased from 134 to 175 µg/L,
and speciation shifted towards Br-DBPs. For example, while TBM was 59% of total THM
at pH 7.5, it increased to 71% at pH 9. (Figure C3a and e). Previous studies showed
comparable DBP and TOX formation trends at similar pH values (Ersan et al., 2019; Hu et
al., 2010; Liang and Singer, 2003). Increasing pH from 7.5 to 9 only increased the
photodegradation removal percentage for TBM (from 40% to 52%) at 500 mJ/cm2 and the
removals of other THM species remained similar for all UV doses. On the other hand,
formation of HAAs (i.e., 70 and 66 µg/L, respectively) and HANs (i.e., 8 µg/L) did not
change for both pH conditions. Furthermore, both HAAs and HANs photodegradation
removals remained the same since both formation and speciation did not change under two
different pH conditions (i.e., 7.5 and 9). Increasing pH also did not alter the formation of
TOX and the percent speciation of TOCl and TOBr. For example, while formation of TOCl
was 1.3 and 1.1 µM, formation of TOBr was 2.9 and 3.2 µM at pH 7.5 and 9, respectively.
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Increasing UV dose from 50 to 500 mJ/cm2 also increased the TOX photodegradation (i.e.,
9 and 30%, respectively at pH 7.5) for both pHs. Overall, the photodegradation removals
of TOX were nearly the same at 30 and 33% at pH 7.5 and 9, respectively which can be
explained by unchanged TOX formation and speciation (Figure C3d and h).
The effects of DOC concentrations on the DBP and TOX formation at 800 µg/L Brand subsequent UV photodegradation are presented in Figure C4. THM formations were
134 and 295 µg/L for 2 and 6 mg/L DOC, respectively. DBP formations increased with
the higher DOC concentration which can be attributed to a higher amount of DBP
precursors at 6 mg/L DOC. The UV doses of 50 and 150 mJ/cm2 did not remove more than
15% of each THM species. At 500 mJ/cm2 removal percentages of DBCM and TBM by
UV treatment increased from 33% and 40% to 42% and 62%, respectively. On the other
hand, while the removal of brominated HAA species was nearly the same under both DOC
concentrations, MBAA formation increased up to two times by increasing the UV dose
which was attributed to sequential dehalogenation that was discussed previously is Section
5.3.2. Moreover, the formation of HANs was increased by increasing DOC concentration
(i.e., 8 and 19 µg/L for 2 and 6 mg/L DOC, respectively). While first two UV doses did
not remove HANs, increasing the UV dose to 500 mJ/cm2 increased the removal of only
DBAN, from 27 to 44%, for 6 mg/L DOC, as DBAN was the most susceptible species to
UV photodegradation. Increasing DOC concentration also increased the TOX formation
from 4.2 to 11.8 µM, but TOX speciation shifted from TOBr to TOCl, as the TOBr
percentage decreased from 70 to 52%. Furthermore, TOX reduction also decreased from
30% to 18% at 500 mJ/cm2 UV dose, which can be explained by the formation increase for
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TOCl, since UV was not very effective for removal of TOCl compared to TOBr (Figure
C4d and h).
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Figure 5.3 Formation and photodegradation of THMs, HAAs, and TOX (a-b-c) Br- = 200
µg/L (d-e-f) Br- = 800 µg/L. Experimental conditions: TSW DOC = 2 mg/L, pH = 7.5,
chlorination time = 24 h, UV Dose = 0-50-150-500 mJ/cm2. Error bars represent the
standard deviation (n=2).
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5.3.4.

Reformation of DBPs and the effect of disinfectant type
DBP formation is not a rapid reaction; however, it can occur in the water

distribution system. While DBP removal can be achieved by UV, there is no lingering
effect that can provide disinfection in the distribution system. An additional oxidant is
needed to ensure residual disinfectant for all end users. In this study, the effect of oxidant
type was evaluated using chlorine and monochloramine using TSW spiked with Br- and I. After UV photodegradation both chlorinated and monochloraminated samples were postoxidized and reformation of DBPs was measured.
The results of post-oxidation are shown in Figure 5.4. The presence of I- did not
change the THM and HAA formation and speciation under chlorination (compare Figure
5.3d and e with Figure 5.4a and b). I- was oxidized to IO3- in the presence of chlorine which
prevented the formation of I-DBPs (Ding and Zhang, 2009; Dong et al., 2019). After postchlorination, DBP formation of all samples increased. THM formation of three of the four
treatments (control, 50 and 150 mJ/cm2) showed similar trends, and concentration
increased up to 18%. However, the 500 mJ/cm2 UV dose showed a higher impact on THM
formation with a 26% increase. DBCM and TBM showed a formation increase, which can
be attributed to the higher concentration of HOBr as well as bromination of the low
molecular weight TSW NOM, which has been shown to be higher than high molecular
weight NOMs (Erdem et al., 2020; Hua et al., 2015; Liu et al., 2022; Soyluoglu et al.,
2020). As shown in Chapter 5.1, the release of Br- ion was much higher after the 500
mJ/cm2 UV dose compared to 50 and 150 mJ/cm2, and during post-chlorination HOCl was
converted to HOBr and formation of Br-DBPs was increased. Although some studies
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showed UV irradiation might increase NOM reactivity towards oxidants, leading to a
higher DBP formation (Nishizawa et al., 2020; Xia et al., 2018; Ye et al., 2021), such a
trend was not observed in this study, because the tested waters had low aromaticity and
experimental conditions were close to practical applications. Furthermore, HAAs
formation was less than 10% for the control and 50 mJ/cm2 samples after post-chlorination.
On the other hand, higher the HAA formation increase was observed for the 150 and 500
mJ/cm2 samples by 31% and 49%, respectively. Similar to the THM formation increase,
HAA formation also increased because of high formation of brominated HAA species
(DBAA, DBCAA, and TBAA). Figure C6a shows the formation of HANs for UV
treatment and post chlorination which was 6.5 ± 1µg/L which was not a significant change.
Although some of the precursors formed small amounts of TOI, TOBr was the dominant
species of TOX, which can be attributed to the iodate formation from oxidation of chlorine
(Bichsel and Von Gunten, 1999; Kristiana et al., 2009; Liu et al., 2014). While less than
7% of TOX was removed with 50 and 150 mJ/cm2 UV doses, the total TOX reduction was
26% at 500 mJ/cm2 UV dose which was mainly caused by the reduction of TOBr formation
(Figure C5a).
Iodine and monochloramine are important factors during the I-THM formation
(Bichsel and Von Gunten, 2000; Fang et al., 2018; Hua et al., 2006; Liu et al., 2019). When
I- was present, I-THM species dominated the overall THM formation (>80%). Although
the 50 and 150 mJ/cm2 UV doses were not highly effective in removing brominated THMs,
31 and 55% of THMs were removed, respectively. The removal of I-THMs was attributed
to low energy requirement of C-I bond compared to other halogens. After UV treatment,
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up to 80% of the THMs were removed with 500 mJ/cm2 by photodegradation (Figure 5.4c).
Although, overall THM formation was low (i.e., 25 µg/L), it has been shown that the ITHMs have much higher cytotoxicity and genotoxicity compared to brominated and
chlorinated analogs (Liu et al., 2019; Plewa et al., 2017). After post-monochloramination,
I-THM formation increased mainly due to the increase of DBIM, DICM, DIBM and TIM.
As the I- release was increased by UV dose, the highest two UV doses (150 and 500
mJ/cm2) exhibited the highest post formation increase. After post-monochloramination ITHM formation was increased by more than two and four times for 150 and 500 mJ/cm2,
respectively. Moreover, HAA formation and speciation did not differ after UV treatment
and post-chlorination (Figure 5.4d), and the very low formation of HAAs was likely the
reason for this trend. The total HAA concentration was ≤ 12 µg/L and consisted of mainly
six species. As discussed previously, UV treatment efficiency increased with increasing
concentration of Br-DBPs and I-DBPs. Similar to chlorination, after UV treatment and post
chlorination, HAN formations did not change which can be explained by the low formation
of HANs as well (Figure C6b). Unlike chlorine, monochloramination enhanced the
formation of TOI with TOX consisting of 40% of TOCl, 30% of TOBr, and 30% of TOI.
TOI and TOBr were the most susceptible species to UV treatment. After the 150 and 500
mJ/cm2 UV doses, 13 and 41% of TOX, respectively, were removed. The removal of TOX
was mainly caused by photodegradation of TOI (Figure C5b).
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Figure 5.4 Formation and photodegradation and reformation of THMs and HAAs under
chlorination (a-b) and under monochloramination (c-d). After UFC&UV: solid color and
after post oxidation: white dotted. Experimental conditions: TSW DOC = 2 mg/L, Br- =
800 µg/L I- = 80 µg/L pH = 7.5, chlorination time = 24 h, monochloramination time = 72
h UV Dose = 0-50-150-500 mJ/cm2. Error bars represent the standard deviation (n=2).
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5.4.

Conclusions
This study showed that photodegradation rate constants for Br-DBPs and I-DBPs

were higher than Cl-DBPs, and background effects (e.g., low SUVA254 treated surface
water) on the photodegradation of DBPs were minimal. Moreover, photodegradation
efficiency of DBPs followed the order of I-DBP > Br-DBPs > Cl-DBPs, and mass balances
of Cl-, Br-, and I- ions supported that the main photodegradation mechanism of 26 DBP
mixture was dehalogenation. Higher photodegradation removals were obtained under high
Br- concentration, high pH and high DOC concentration, since the formations of Br-DBPs
were higher. After UV254 treatment, MBAA formation increases suggested that
photodegradation of TBAA and DBAA experienced sequential dehalogenation, and further
research is required. While UV photodegradation was very effective for known Br-DBPs,
it was not as effective for unknown Br-DBPs, which suggests that further experiments are
required to understand photodegradation of unknown TOX formations. Although UV can
greatly reduce Br-DBPs and I-DBPs, reformation of these DBPs by residual disinfectants
(Cl2 and NH2Cl) is inevitable in distribution systems. Under practical water treatment
conditions, UV irradiation might not be a perfect solution to remove Br-DBPs and I-DBPs
because of the reformation of these compounds in distribution systems by secondary
disinfectants. However, UV treatment can be implemented at the point of entry to our
houses and under optimal conditions, it can reduce these carcinogenic compounds.
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CHAPTER SIX
CONCLUSIONS AND RECOMMENDATIONS

This dissertation aimed to comprehend the mechanistic and practical implications
of (i) the effects of pre-chlorination on adsorption of DBP precursors, and (ii) the
photodegradation and the reformation of DBPs by UV254 light, in realistic applications of
these treatment approaches. The major conclusions and recommendations of this study are
summarized as follows.
The effects of pre-chlorination on adsorption of DBP precursors
The results from the batch studies indicated that pre-chlorination improved the
adsorption of both chlorinated and brominated DBP precursors by GAC; however, the
impact was stronger for Br-DBP precursors than Cl-DBP precursors. Furthermore, prechlorination improvement on adsorption was much greater with high SUVA254 NOM than
low SUVA254 NOM. Mesoporosity of GAC correlated with the adsorption of halogenated
DBP precursors. The formation of DBPs decreased as the adsorbent mesoporosity
increased, suggesting that halogenated DBP precursor adsorption occurred largely on the
mesoporous area of adsorbent. Pre-chlorination enhanced the adsorption of DBP
precursors for all types of investigated GAC regardless of their pHPZC However, the
formation of DBPs was lower with the high pHPZC adsorbents. Collectively, these results
indicated the impact of pre-chlorination prior to GAC will be more effective for DBP
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control by using mesoporous and basic GACs and waters with organic matter in higher
aromatic contents.
The results of the column experiments showed that while pre-chlorination
improved adsorption of THM precursors, thus a higher volume of water can be treated, it
did not improve the adsorption of HAA precursors for either high or low SUVA254 waters
at the pH 7.5 condition. Moreover, as the EBCT increased the operational time of the
carbon bed also increased. Pre-chlorination improvement was much higher with relatively
low EBCT, as the carbon bed suffered from immediate breakthrough without prechlorination on high SUVA254 water. Decreasing pH from 7.5 to 5.5 increased the volume
of water treated for both high and low SUVA254 waters, because of the increasing of
electrostatic forces between the AC surface and DBP precursors. Furthermore, for high
SUVA254 water, pre-chlorination did not enhance the adsorption of DBP precursors since
better coiling was achieved with the high molecular size OM by increasing Ca2+
concentration at pH 5.5. With pre-chlorination, TOBr formation and calculated
cytotoxicity was lower at pH 5.5 than pH 7.5 and pH 5.5+Ca2+ on both waters. Lastly, if
water treatment plants operate around neutral pH (i.e., 7.5), the effect of pre-chlorination
will be highest, which can reduce subsequent THM formation for both high and low
SUVA254 waters, but not HAA formation.
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The photodegradation and the reformation of DBPs
UV254 was powerful in decreasing Br-DBPs and I-DBPs and was not affected by
low SUVA254 water. Photodegradation kinetics showed that the removal mechanism of
THMs and HAAs was dehalogenation. Furthermore, photodegradation efficiency was
correlated with the formation of Br-DBPs and I-DBPs. Higher removal efficiencies were
obtained as the percentage of Br-DBPs and I-DBPs increased, supporting that Cl-DBPs
were resistant to photodegradation. While TBAA photodegradation was increased by UV
dose, the formation of MBAA was increased, suggesting that sequential dehalogenation
might occur for HAAs species. While photodegradation effectively removed known TOBr
species, the same trend was not observed for unknown TOBr species. Residual chlorine
and monochloramine reformed the photodegraded DBPs which eliminated the
effectiveness of UV254 treatment.
Recommendations for Practical Applications
Water utilities can improve pre-chlorination effectiveness for GAC filter beds by
choosing basic and mesoporous GACs. Furthermore, if a water treatment plant suffers from
high Br- concentration, pre-chlorination before adsorption can help to control Br-DBP
formation. Treatment plants with a neutral pH (i.e., 7.5) condition and low EBCT can
maximize the pre-chlorination benefit prior to GAC filter beds, and the effect always will
be higher with high SUVA254 than low SUVA254 water. In addition, water treatment plants
can implement UV254 treatment at water basins to reduce the formation of Br-DBPs and IDBPs. However, this method needs further control if a secondary disinfectant is used which
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can reform photodegraded DBPs. To overcome this issue, UV254 treatment can be applied
at the point of entry via under sink water treatment systems or with water pitchers at our
houses. Sales of both systems increased with the COVID-19 pandemic to eliminate the
coronavirus (Field, 2020; Group, 2021; Markets, 2021), which can also help to reduce the
concentrations of highly toxic Br-DBPs and I-DBPs.
Recommendations for Future Research
Water collection from real distribution systems can help to assess the practical
benefits of pre-chlorination and UV254 treatments. Moreover, testing other oxidants (e.g.,
ozone, chlorine dioxide) prior to AC adsorption and comparing under realistic conditions
with pre-chlorination will be beneficial for water treatment plants. While pre-chlorination
both halogenates and breaks NOM, ozone or chlorine dioxide only breaks NOM into
smaller size molecules. This will help to compare the adsorption of smaller size
halogenated NOM and only smaller size NOM. Moreover, to assess the practical benefit
of these treatments, it is important to mimic water treatment plant conditions (i.e., realistic
conditions) in new studies. Further investigation is required on the photodegradation
mechanisms of HAAs to understand sequential dehalogenation, which could increase water
toxicity. Selection of other model aromatic brominated DBPs (bromo-benzaldehyde,
bromo-hydroxybenzoic

acid,

tribromophenol,

bromo-nitrophenol,

hydrobenzoquinone) can help to understand unknown TOBr photodegradation.
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bromo-

APPENDICES

Appendix A: Supporting information for Chapter Three
Table A1 Analytical Methods and Detection Limits
Parameters
ClBrI-

Units

Measurement Method

µg/L

USEPA Method
300

NH3+

mg/L

HACH - Salicylate
Method

mg/L

SM 5310B

UV Absorbance

1/cm

SM 5910

pH

-

SM 4500-H+

µg/L

USEPA Method
551.1

Agilent 6890
GC-ECD

0.1
0.1
0.1

mg/L

SM 4500-Cl F

Varian Carry 50

0.05

DOC
DN

THMs
HAAs
HANs
Residual Free
Chlorine
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Instrument
ICS-2100,
Dionex
Corp.
HACH DR/890
Calorimeter
TOC-VCHS,
Shimadzu
Corp.
Varian Carry 50
VWR
Symphony

Detection Limit
5
10
10
0.02
0.2
±0.004
±0.01

Figure A1 Five different adsorbents effect on the adsorption of (a) THM, (b) HAA, (c)
HAN and (d) TOX precursors and intermediates under with/without pre-chlorination of SR
NOM. Without pre-chlorination: G and with pre-chlorination: PG. Experimental
conditions: [DOC] = 2 mg/L, [Br-] = 200 µg/L, pH = 7.5, pre-chlorination = 30 min,
adsorption = 24 h, chlorination time = 24 h. Error bars represent the standard deviation
(n=2).
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Figure A2 Three different NOMs’ (a) THM, (b) HAA, (c) HAN and (d) TOX formations
under with/without pre-chlorination. Without pre-chlorination: G and with prechlorination: PG. Experimental conditions: [DOC] = 2 mg/L, [Br-] = 200 µg/L, pH = 7.5,
pre-chlorination = 30 min, adsorption = 24 h with HD3000, chlorination time = 24 h. Error
bars represent the standard deviation (n=2).
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Figure A3 Formation of (a) THM, (b) HAA, (c) HAN and (d) TOX on WW1 and WW2
with/without pre-chlorination. Without pre-chlorination: G and with pre-chlorination: PG.
Experimental conditions: [DOC] = 2 mg/L, [Br-] = 200 µg/L, pH = 7.5, pre-chlorination =
30 min, adsorption = 24 h with HD3000, chlorination time = 24 h. Error bars represent the
standard deviation (n=2).
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Figure A4 Formation of (a) THM, (b) HAA, (c) HAN and (d) TOX on RW NOM under
three different Br- concentration with/without pre-chlorination. Without pre-chlorination:
G and with pre-chlorination: PG. Experimental conditions: [DOC] = 2 mg/L, [Br-] = 0 200 - 800 µg/L, pH = 7.5, pre-chlorination = 30 min, adsorption = 24 h with HD3000,
chlorination time = 24 h. Error bars represent the standard deviation (n=2).
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Figure A5 Formation of (a) THM, (b) HAA, (c) HAN and (d) TOX on SR NOM under
three different Br- concentration with/without pre-chlorination. Without pre-chlorination:
G and with pre-chlorination: PG. Experimental conditions: [DOC] = 2 mg/L, [Br-] = 0 200 - 800 µg/L, pH = 7.5, pre-chlorination = 30 min, adsorption = 24 h with HD3000,
chlorination time = 24 h. Error bars represent the standard deviation (n=2).
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Figure A6 Formation of (a) THM, (b) HAA, (c) HAN and (d) TOX on TW NOM under
three different Br- concentration with/without pre-chlorination. Without pre-chlorination:
G and with pre-chlorination: PG. Experimental conditions: [DOC] = 2 mg/L, [Br-] = 0 200 - 800 µg/L, pH = 7.5, pre-chlorination = 30 min, adsorption = 24 h with HD3000,
chlorination time = 24 h. Error bars represent the standard deviation (n=2).
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Figure A7 Three different NOMs’ (a) THM, (b) di-HAA, (c) tri-HAA BSF values
with/without pre-chlorination. UFC: solid color, without pre-chlorination: diagonal stripes
and with pre-chlorination: dotted. Experimental conditions: [DOC] = 2 mg/L, [Br-] = 200
µg/L, pH = 7.5, pre-chlorination = 30 min, adsorption = 24 h with HD3000, chlorination
time = 24 h.
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Appendix B: Supporting information for Chapter Four

Figure B1 THM and HAA breakthrough curves of TSW for EBCT: 5 min (a-e), EBCT: 10
min (f-j), and EBCT: 15 min (k-o) under with/without pre-chlorination. Control (C0):
horizontal black dotted lines, without pre-chlorination: solid lines with circles, and with
pre-chlorination: dashed lines with triangles. Experimental conditions: [DOC] = 3 mg/L,
[Br-] = 200 µg/L, pH = 7.5, pre-chlorination = 30 min, EBCT = 5 - 10 - 15 min, chlorination
time = 24 h, adsorbent = HD3000.
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Figure B2 THM and HAA breakthrough curves of TSW for pH: 7.5 (a-e), pH: 5.5 (f-j),
and pH: 5.5+Ca2+: 250 mg/L as CaCO3 (k-o) under with/without pre-chlorination. Control
(C0): horizontal black dotted lines, without pre-chlorination: solid lines with circles, and
with pre-chlorination: dashed lines with triangles. Experimental conditions: [DOC] = 3
mg/L, [Br-] = 200 µg/L, pre-chlorination = 30 min, EBCT = 15 min, chlorination time =
24 h, adsorbent = HD3000.
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Figure B3 TOX breakthrough curves of TSW for pH: 7.5 (a-b), pH: 5.5 (c-d), and pH: 5.5+Ca2+: 250 mg/L as CaCO3 (e-f) under
with/without pre-chlorination. Control (C0): horizontal black dotted lines, without pre-chlorination: solid lines with circles, and
with pre-chlorination: dashed lines with triangles. Experimental conditions: [DOC] = 3 mg/L, [Br-] = 200 µg/L, pre-chlorination
= 30 min, EBCT = 15 min, chlorination time = 24 h, adsorbent = HD3000.
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Figure B4 Calculated Cytotoxicity Index Value breakthrough curves of TSW for pH: 7.5 (a), pH: 5.5 (b), and pH: 5.5+Ca2+: 250
mg/L as CaCO3 (c) under with/without pre-chlorination. Control (C0): horizontal black dotted lines, without pre-chlorination:
solid lines with circles, and with pre-chlorination: dashed lines with triangles. Experimental conditions: [DOC] = 3 mg/L, [Br-]
= 200 µg/L, pre-chlorination = 30 min, EBCT = 15 min, chlorination time = 24 h, adsorbent = HD3000.
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Appendix C: Supporting information for Chapter Five
Table C1 Summary of the first order photodegradation rate constant, regression coefficient,
and removal percentages of 26 different DBPs in TSW.

Haloacetonitriles
(HANs)

Haloaceticacids
(HAAs)

Trihalomethanes
(THMs)

DBP Group

Compound
TCM
DCBM
DBCM
TBM
DCIM
BCIM
DBIM
DICM
DIBM
TIM
MCAA
MBAA
DCAA
BCAA
TCAA
DBAA
BDCAA
DBCAA
TBAA
CAN
TCAN
DCAN
BAN
BCAN
DBAN
IAN

k
(1/sec)
NC*
7.00E-04
3.50E-03
8.20E-03
1.90E-03
5.80E-03
1.65E-02
9.90E-03
1.51E-02
1.53E-02
NC*
9.00E-04
NC*
1.70E-03
NC*
3.50E-03
4.00E-03
8.80E-03
0.0171
NC*
NC*
NC*
3.00E-04
1.10E-03
5.50E-03
9.00E-04

NC: Not calculated
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R2
NC*
0.972
0.998
0.999
0.984
0.993
0.999
0.999
0.998
0.998
NC*
0.992
NC*
0.992
NC*
0.994
0.970
0.993
0.997
NC*
NC*
NC*
0.942
0.993
0.999
0.991

Removal %
at 1000 mJ/cm2
6.5
13.9
53.3
83.3
33.3
70.4
97.3
88.0
96.1
96.3
0
17.4
0
29.8
0
53.0
56.4
85.1
97.5
3.1
3.8
2.8
7.0
21.8
69.7
19.0

Figure C1 Formation and photodegradation of (a) TSW HANs (b) RSW HANs.
Experimental conditions: DOC = 2 mg/L, Br- = 200 µg/L, pH = 7.5, chlorination time = 24
h, UV Dose = 0-50-150-500 mJ/cm2. Error bars represent the standard deviation (n=2).
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Figure C2 Formation and photodegradation of HANs (a) Br- = 200 µg/L (b) Br- = 800 µg/L.
Experimental conditions: TSW DOC = 2 mg/L, pH = 7.5, chlorination time = 24 h, UV
Dose = 0-50-150-500 mJ/cm2. Error bars represent the standard deviation (n=2).
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Figure C3 Formation and photodegradation of THMs, HANs, HAAs, and TOX (a-b-c-d)
pH = 7.5 (e-f-g-h) pH = 9. Experimental conditions: TSW DOC = 2 mg/L, Br- = 800 µg/L,
chlorination time = 24 h, UV Dose = 0-50-150-500 mJ/cm2. Error bars represent the
standard deviation (n=2).
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Figure C4 Formation and photodegradation of THMs, HANs, HAAs, and TOX (a-b-c-d)
TSW DOC = 2 mg/L (e-f-g-h) TSW DOC = 6 mg/L. Experimental conditions: pH = 7.5,
Br- = 800 µg/L, chlorination time = 24 h, UV Dose = 0-50-150-500 mJ/cm2. Error bars
represent the standard deviation (n=2).
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Figure C5 Formation and photodegradation of TOX under chlorination (a) and under
monochloramination (b). After UFC&UV: solid color and after post oxidation: white
dotted. Experimental conditions: TSW DOC = 2 mg/L, Br- = 800 µg/L I- = 80 µg/L pH =
7.5, chlorination time = 24 h, monochloramination time = 72 h UV Dose = 0-50-150-500
mJ/cm2.
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Figure C6 Formation and photodegradation and reformation of HANs under chlorination
(a) and under monochloramination (b). After UFC&UV: solid color and after post
oxidation: white dotted. Experimental conditions: TSW DOC = 2 mg/L, Br- = 800 µg/L I= 80 µg/L pH = 7.5, chlorination time = 24 h, monochloramination time = 72 h UV Dose
= 0-50-150-500 mJ/cm2. Error bars represent the standard deviation (n=2).
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